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PREFACE TO THE FOURTH EDITION. 

In preparing this wholly revised and almost entirely 
rewritten Edition of the Lectures on Spectrum Analysis 
no effort has been spared to give a popular and concise 
account of the most important discoveries in this 
branch of science which have been made since the 
year 1873. Care has been taken, in so doing, to 
select such portions of this wide subject as have 
already been worked out with approximate complete- 
ness. Many questions of rising interest have thus 
necessarily been omitted as not lending themselves 
in the present state of our knowledge, to popular 
treatment. Even whilst these 2 3a g es have passed 
through the press several new discoveries have been 
made. Of these the outbreak of the new star in 
Andromeda, and the researches of Crookes, Lecoq 
de Boisbaudran, and Von Welsbach on the spectra 
of the rare metals Didymium and Samarium are 
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perhaps the most important. For information on 
these, the reader may consult the original memoirs, 
references to which are found at the end of the 
index. 

FI. E. Roscoe. 

Arthur Schuster. 

Manchester, November, 1885. 



PREFACE TO THE FIRST EDITION. 

In publishing the following Lectures I have endeavoured 
to preserve the elementary character which they naturally 
assumed in delivery, thinking it best to give further 
detail in a series of Appendices. If the book thus 
assumes less of the character of a complete treatise 
than might be desirable, it gains in value for the 
general reader, inasmuch as the science of Spectrum 
Analysis is at present in such a rapid state of growth 
that much of the subject is incomplete, and, therefore, 
necessarily unsuited to the public at large. I hope, 
however, that the addition of many extracts from the 
most important Memoirs on the subject may prove 
interesting to all, as it will certainly be useful to those 
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specially engaged in scientific inquiry, as indicating 
tlie habits of exact research and accurate observation, 
by which alone such striking results have been attained. 
For the permission to reproduce exact copies of Kirch- 

o 

hoffs, Angstrom’s, and Huggins’ maps, together with 
the Tables of the positions of the dark solar and bright 
metallic lines, I have to thank the above-named gentle- 
men. These maps will render the work valuable to the 
student for reference, whilst the ehromolithographic 
plates of the spectra of the metals of the alkalis 
and alkaline earths, and of the spectra of the stars, 
nebulse, and non-metallic elements, serve to give some 
idea of the peculiar beauty of the real phenomena thus 
represented. 

Since last summer, when these Lectures were de- 
livered, our knowledge of the constitution of the sun 
especially has made giant strides ; and although I 
have been unable to introduce these newest facts 
into the text of the Lectures, I have still brought 
forward the most important of these discoveries in 
the Appendices to Lecture V. 

As the latest news on this subject, I may mention 
the arrangement contrived by Mr. Huggins, by which 
the wonderful changes of the red solar prominences 
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can all be viewed at once ; changes so enormously 
rapid that Mr. Lockyer has observed one of these red 
solar flames, 27,000 miles in length, disappear altogether 
in less than ten minutes. Mr. Lockyer has also 
succeeded in seeing in the flames the red (c) line of 
hydrogen, as well as the line in the violet, which 
he finds corresponds to the line marked 2796 on 
KirchhofFs map, and not, as was supposed, identical 
with Fraunhofer’s line g. 

H. E. R. 



MANOHEStER, Apt il, 18(j9. 
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ON SPECTRUM ANALYSIS. 



LECTURE I. 

Introduction. — Newton’s Discovery of the Composition of White Light, 
1675. — Properties of Sun Light as regards Heating Power, Luminosity, 
and capability of producing Chemical Action. — The Solar Radiations. 
— Prismatic and Diffraction Spectra. — Position of Maxima. — Illustra- 
tions of these Radiations. — Means of obtaining a Pure Spectrum. — 
Fraunhofer’s Lines. — Planet and Moon Light.— Star Light. 

Appendix A. — Extracts from “ Newton’s Opticks.” 

Appendix B. — Burning Magnesium Wire a Source of Light for photo- 
graphic purposes. 

Appendix C.- — On the Chemical Action of the constituent parts of Solar 
Light. 

Appendix D. — Description of a Chemical Actinonreter. 

Amongst all the discoveries of modern science none has 
deservedly attracted more attention, or called forth more general 
admiration, than the results of the application of Spectrum 
Analysis to chemistry. Nor is this to be wondered at when we 
remember that a new power has thus been placed in the hands 
of the chemist, enabling him to detect the presence of chemical 
substances with a degree of delicacy and accuracy hitherto 
unheard of, and thus to obtain a far more intimate knowledge of 
the composition of terrestrial matter than he formerly enjoyed. 
So valuable a means of research has this new process of 
analysis proved itself to be that since its first establishment, in 
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I 860 , no less than live new chemical elements have by its help 
been discovered. 

Not only, however, have we to consider the importance and 
interest which attaches to the subject as evidenced by the 
discovery of these new elementary bodies, but we are forced to 
admit that by the application of the simple principles of spectrum 
analysis the chemist is able to overstep the narrow bounds of 
our planet, and, extending his intellectual powers into almost 
unlimited space, to determine, with as great a degree of 
certainty as appertains to any conclusion in physical science, the 
chemical composition of the atmosphere of the sun and far 
distant fixed stars. Nay, he has even succeeded in penetrating 
into the nature of those mysteries of astronomy, the nebulae ; 
and has ascertained not only the chemical composition, but 
likewise the physical condition, of these most distant bodies. 

It does, indeed, appear marvellous that we are now able to 
state with certainty, as the logical sequence of exact observations, 
that bodies common enough on this earth are present in the 
atmosphere of the sun, at a distance of ninety-three millions of 
miles, and still more extraordinary that in the stars the existence 
of such metals as iron and sodium should be ascertained beyond 
a shadow of doubt. We thus see that the range of inquiry 
which the subject opens out is indeed vast, and it is well to bear 
in mind that as the discoveries in this branch of science are so 
recent, they are necessarily incomplete, so that we must expect 
to meet with many facts and observations which still stand alone 
and require further investigation to bring them into harmony 
with the rest. The advance in these new fields of research is, 
however, so rapid that, as time rolls on, and our range of 
knowledge widens, new facts quickly come to support the 
hitherto unexplained phenomena, and thus our theory becomes 
more and more complete. It will be my duty in the Lectures 
which I have the honour of delivering in this Hall to endeavour 
to explain to you that these results, apparently as marvellous as 
the discovery of the elixir vitas or the philosopher’s stone, are 
the plain and necessary deductions from exact and laborious 
experiment, and to show how two German philosophers, quietly 
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working in their laboratories in Heidelberg, obtained this 
startling insight into the processes 0 f creation. 

The only means of communication which we possess with the 
sun, planets, or far distant stars, or by which we can ascertain 
anything respecting their chemical constitution, is by means of 
the life-supporting radiation which they pour down upon the 
earth, producing the effects which we call light and heat. It 
will, therefore, be our business, in the first place, to investigate 
the composition of the radiations which these bodies give off, 
and next gradually to notice, as our field of observation enlarges, 
the applications to which the properties of the light thus 
emitted lead us. One cannot help regretting that when, as at 
present, the sunlight is shining so brightly, we are unable to 




utilize it, and illustrate by experiments made with the sunlight 
itself the points which we wish to explain. In this climate, 
however, even if we could conveniently do it, the sun shines so 
intermittently, and it is so doubtful if we can have it just when 
it is required, that we have to make use of other means, 
especially of this bright light of the electric arc, which, if less 
perfect than sunlight, is more under our control. 

In the year 1675, Sir Isaac Newton presented to the Koyal 
Society his memorable treatise on Optics. 1 In this treatise, 
which contains a large number of experimental and theoretical 
investigations, one point especially attracts our attention : it is 
the discovery of the decomposition of white light. We have 
here (Fig. 1) a fac-simile of the drawing illustrating Newton’s 
1 For extracts from “ Newton's Opticks,” see Appendix A. 
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experiments on this subject. He heads the first paragraph in 
his memoir, written in the year 1675, with the words, “lights 
which differ in colour differ also in refrangibility.” Newton 
allowed the sun to shine through a round hole (Fig. 1 , f) in a 
shutter, and he then examined the character of this light by 
means of a triangular piece of glass (a b c) called a prism. He 
found that the white light, after passing through the prism, was 
bent or refracted out of its course, and split up into a coloured 
band (p T) which, when received on the white screen (m N), 
exhibited all the colours of the rainbow in regular succession, 
passing from red through all the shades of orange, yellow, green, 
indigo blue, to violet. Newton termed this coloured band the 




Solar Spectrum, and came to the conclusion that the light of 
the sun consists of rays of different degrees of refrangibility. 
He also showed that all the various portions of this coloured 
band, when again brought together, produce upon the eye the 
effect of white light. This experiment (represented in Fig. 2) 
Newton performed by simply allowing the light passing through 
the round hole (f) in the shutter to fall on a prism (A B c), 
producing the solar spectrum, and then on looking at this 
coloured band through another prism (ct h c) placed in the same 
direction, instead of seeing a coloured band he observed a spot 
of white light, thus showing that the whole of these differently 
coloured rays, when brought together by means of the second 
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prism, produce on the eye the effect of white light. Here we 
have the intensely white electric light, and by means of these 
two pi’isms you observe that I can split the light up into its 
various constituent parts, and we obtain this splendid coloured 
band, the spectrum of the electric arc. Now I shall endeavour 
to show you the second effect which Newton observed. For 
this purpose I have only to reverse the position of one of the 
prisms ; for if I allow this band of coloured light emitted from 
the first prism to pass through the second prism, placed in the 
opposite direction to the first, I shall again bring these coloured 
rays together, the second prism neutralizing altogether the 
effects of the first, and we obtain the bright white image of 
the slit. 




I should like next to show you a third part of the experiment 
made by Newton. If I cut off, by means of this screen, a 
portion of the spectrum which has passed through the first 
. prism, say the yellow or the green or the red, you will see that 
another refraction through the second prism does not alter this 
coloured light. Here, for instance, I take the green, and bring 
my prism into a proper position : Ave shall find that I only get 
the same green light on the screen behind, proving that the 
green ray cannot again be split up by further refraction. The 
mode in which Newton performed this experiment is seen in 
Fig. 3. The green rays ( q ) in the spectrum (d e), when refracted 
through a second prism (a b c), appear as a green band (n m) 
on the second screen. 

Now the reason why all these different coloured lights, when 
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they reach the eye, produce the effect of white light, is a 
physiological question which we cannot explain. We find that 
not only do all the colours of the spectrum, when they are 
brought upon the eye, produce the effect of white light, but 
that several mixtures of only a few out of all these different 
colours have the same pow'er of producing upon the eye the 
effect of white light. 

Thus Helmholtz and Maxwell have shown that the following 
mixtures of two complementary colours when brought together 
into the eye produce the effect of whiteness : — Yiolet and greenish 




Fig. 4. 



yellow ; indigo and yellow ; blue and orange ; greenish blue and 
red. This I may readily illustrate to you by taking a revolving 
disc (Fig. 4), upon which segments of various colours have been 
painted. When I turn this disc — which you observe contains, 
to begin with, all the colours of the spectrum in due proportion 
— and then, when it is revolving, exhibit it to you by the light 
of burning magnesium, you will notice that the effect produced 
upon the eye is that of a uniformly white disc. Let me nov r 
substitute for this painted disc another one, which only contains 
the three colours, red, yellow, and blue. You will still perceive 
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that when quickly revolved the disc appears white; and so I 
might substitute any of the above mixtures of colours, all of 
which produce on the eye the sensation of white light by the 
rapid succession of the images of the different colours, the effect 
of the one- colour not having time to disappear from the retina 
before that of the other comes into play. If I illuminate the 
rotating disc by means of an instantaneous electric spark, you 
will see that all the colours of the disc become noticeable at 
once. This is because the period of illumination is so exceedingly 
short that the disc appears as if stationary. It was indeed at 
one time supposed that the various shades of colour in the solar 
spectrum were produced by an overlapping, as it were, of three 
distinct coloured spectra, — one red, the second yellow, and the 
third a blue spectrum, — the maxima of which are situated at 
different points, that of the red and blue at the extremes, and 
that of the yellow in the middle of the visible spectrum. This 
theory of Brewster’s has, however, been proved to be fallacious, 
for Helmholtz has shown that the green ray, for example, is not 
made up of blue and yellow light superposed, and we cannot 
separate anything else but green out of it. Hence we conclude 
that each particular ray has its own peculiar colour, and that 
light of each degree of refrangibility is monochromatic. But, 
on the other hand, although physically, and in the actual 
spectrum, there is no such thing as a superposition, or overlapping 
of different spectra, yet it is likely that the retina is mainly 
sensitive to three impressions, and these are probably red, green, 
and violet. 

In noticing the physical properties of the variously coloured 
light obtained when the sunlight or white light is decomposed 
into its constituent parts, we must remember, in the first place, 
that light is due to the undulations of the elastic medium 
pervading all space, to which physicists have given the name of 
luminiferous ether. As the undulations of the particles of water, 
causing the waves of the sea, differ in length (as from crest to 
crest), and in amplitude (as measured by the extent of the 
vibration of each particle), sometimes being minute and shallow 
like the ripples on the surface of a pond, sometimes rising and 



8 



SPECTRUM ANALYSIS. 



[lect. I. 



falling into the gigantic crests and valleys of the storm-ridden 
ocean, so also the undulations of the ether-producing light differ 
in wave-length and amplitude, giving rise to the different effects 
of colour and intensity to which we have referred. 

Let us now compare the power of the ear and the eye, the 
one to receive the vibrations of the air called sound, and the 
other the vibrations of the ether termed light. 

The human ear has the power of distinguishing variations in 
sounds differing widely in wave-length and in rapidity of vibra- 
tion. Thus, for instance, the musical note, the deepest in the 
bass of all those that can be heard by the human ear, is pro- 
duced by the regular succession of impulses occurring about 
16 times in each second, whereas the highest continuous sound 
which is j)erceptible to the ear is caused by about 38,000 vibra- 
tions per second. Hence the range of audible notes extends 
over about 11 octaves. Let us next examine what is the range 
to which the eye is sensitive. It is found that we can observe, 
ordinarily, in the solar spectrum from the position indicated by 
a fixed dark line in the red portion termed A (see frontispiece 
of the Solar Spectrum) to a line K in the violet or most refrang- 
ible portion of the visible spectrum. Now the difference in the 
number of vibrations from A to K is but slight ; it is indeed not 
one octave. The length of the undulation of each of these 
waves is excessively small, whilst the number of the vibrations 
of the ether which take place every second is enormously large. 
By certain methods of exact measurement, physicists have been 
enabled to determine with accuracy the length and the duration 
of these various waves of light; and they have come to the 
conclusion that the wave causing this red ray which is only just 
visible to the eye has a length of the , 0 oV ?Wofh part of an 
inch, or the T AoVWohh part of a centimetre, and that in one 
second of time no less than 390 millions of millions of these 
vibrations occur — whereas near the line K at the extreme end of 
the violet, the length of a wave is the to oWowth part of an inch 
or the tattVo-o oft part of a centimeter, and the number of vibra- 
tions is 770 millions of millions per second. Hence the 
difference is oniy from 390 to 770, and you see that the rapidity 
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of the vibration at the one point is not quite twice as great as 
it is at the other, and we are correct in stating that we can hear 
about 11 octaves, but that we see only about a single octave. 

So long as the waves of light pass through interstellar space 
they all travel with the same velocity, but when they pass 
through a substance like glass, the shorter waves are propagated 
more slowly, and it is due to this fact that Newton was enabled 
to separate the differently coloured rays by means of the prism. 
Even in our own atmosphere, waves of light travel at different 
speed according to their lengths, but the difference is very small, 
and is generally neglected. Newton’s method of separating the 
different rays of light is not the only one, and we must now 
discuss another one which has of late years received important 
applications in Spectrum Analysis. If we throw two pebbles 
into a pool of water, not too far from each other, and if we watch 
the waves, as they spread from the two points where the stones 
have touched the water, we shall see that as the waves cross, at 
some places the crests of one train fall exactly over the crests of 
the other train of waves. At such places we shall have a wave 
of double height, or, as we say, of double amplitude. At other 
places the crests of one set of waves fall over the hollows of 
another, and here the two waves exactly counteract each other. 
A piece of cork if swimming over such a spot would neither rise 
nor fall. This visible action of the waves upon one another can 
be produced with the invisible waves of light, and two sets of 
waves can be made to overlap in such a way as to produce 
darkness at some places and light of double amplitude at others. 
We then say that the waves have interfered, and the whole 
phenomenon is called the interference of light. There is 
another phenomenon called the diffraction of light, and to explain 
its nature we call to aid not the waves of water, but the waves 
of sound. Supposing we have a hole in a wall through which 
sound can freely enter, and supposing that the instrument which 
emits the sound is sufficiently far away to send the sound through 
the hole in one definite direction only, then a person placed in 
the room would hear the sound wherever he stands, thus proving 
that the waves of sound which have entered the room in one 
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definite direction, namely, in the straight line joining the source 
of sound to the opening, do not after their passage through the 
hole pursue that straight line only, but spread about in every 
direction, just as if the opening itself was the source of sound. 
This is the diffraction of sound. If now we make a similar ex- 
periment with light, that is, if we admit light through a hole in 
a shutter, we shall obtain apparently an altogether different 
result, for the light does not seem to spread out as the sound 
did, but to pursue uninterruptedly its original direction. Thus 
at first sight there seems to be no diffraction of light, and this 
was found to be a great difficulty when the wave theory of light 
was first proposed. As a matter of fact, however, our two experi- 
ments, though apparently made in the same way, have differed 
in a very important point. The hole which admitted the sound 
was small compared to the length of a wave of sound, whilst 
the hole which admitted the light was very large compared to a 
wave-length of light. If we take care to make our experiments 
really comparable, that is to say, if we use a hole which shall 
really be sufficiently small, we shall find that waves of light, 
like waves of sound, can be diffracted. Light is also diffracted 
whenever a ray falls on to a sharp edge of an opaque body. 
Two very simple experiments illustrate this diffraction of light. 

Take a piece of glass, those who are in the habit of wearing 
sj^ectacles can conveniently make use of them, press your finger 
slightly on it and describe an approximately straight line. The 
glass will now present a striated appearance where the finger 
has passed over it, then bring it close to your eye and look 
at a candle, when rays of light will seem to diverge from the 
candle in a direction at right angles to that described on the 
glass by the finger. The finger has here rendered some parts 
of the glass less transparent than others, and the light has been 
diffracted at the edge of the more transparent parts. The 
openings only having been made small in one direction, light 
has only been diffracted in one direction. Another and still 
simpler exjseriment is the following. Bring your two eyelids 
close together, so as only to admit the light through a narrow 
slit, then look at a bright surface such as the opal globe of 



LECT. I.] 



DIFFRACTION OF LIGHT. 



11 



a lamp at night or a window in daytime. The light will now 
be diffracted at the eyelids, and streaks will be seen to come 
from the bright surface in a vertical direction. Thus a window 
will appear to be longer both at its upper and at its lower ends. 

Let us now see how the diffraction and interference of light 
can produce effects similar to those of a prism. I have here 
a diagram which I hope will make my explanation clear (Fig. 5). 
Let A, B, c, and D be four points at equal distances sending 



out light of the same wave-length, and let them vibrate in such 
a way that when a crest starts from A, a crest will also start 
from the other points. The points are then said to vibrate 
in the same phase. The waves will diverge- from each point 
in all directions, but let us confine our attention to one 
direction only, and to fix that direction let us draw straight 
lines along it from the four points. Let us also draw from 
B, c, and D lines at right angles to that direction. These lines 
will, as shown on the diagram, cut off certain lengths from 




ABC 
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Fig. 5. 
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the rays, namely cc 1} BB 1; b^b,, aa x , a x a 2 , and A 2 A 3 . As the 
four points are at equal distances, these lengths will, by an 
elementary proposition of geometry, be all equal ; now suppose 
that these are just equal to the length of a wave of light, as 
a crest of a wave passes over A, another will pass over A x , another 
over a 2 , and another over a 3 , as these points are exactly at the 
distances of the length of a wave. The same is true for B, b x , 
b 2 , and C, c x . All these points will have the crests pass over 
them simultaneously. At the moment a crest then leaves D 
a crest will pass over c x , b 2 , and A s , and these four points are 
on a straight line which is at right angles to the direction 
in which the wave is propagated. If now a lens is interposed 
which brings all the four rays together at one point F, then, 
by a law of optics, the times which the waves take to go from 
a 3 , b 2 , C x , and D, to F, will be the same, and as the waves were 
at the same phase at these four points, they will come 
together with the same phase, their crests will overlap, and 
the point F will be illuminated. But if we had supposed 
that the distance AA X and with it all the other distances pre- 
viously named were not equal to a wave-length, but only to half 
that length, we should have found that to a crest at A would 
correspond a hollow at A x , another crest at A 2 , and another 
hollow at A 3 . It is in that case easily seen that when a crest 
will leave D a hollow will pass over C 3 , a crest over b 2 , and 
a hollow again over A 3 . When the four rays therefore reach 
F the ray from D and that from c will be in opposite phases and 
will destroy each other, and similarly the rays from A and from 
b will mutually destroy each other, and in this case there would 
be darkness at F. We see therefore that light or darkness 
at F depends on the question whether the perpendiculars from 
B, C, and D on to the direction of the rays, cut off portions equal 
to that of a wave-length or to that of half a wave-length. How 
this depends on the direction of the rays will be better seen 
by the inspection of this other diagram (Fig. 6). I have here 
twenty points emitting light, and these twenty points we sup- 
pose to be all at equal intervals and to vibrate always in the 
same phase. They send out rays in all directions, but not to 



INTERFERENCE OF LIGHT. 



LECT. I.] 



13 



confuse the diagram, 1 have drawn the -rays of different 
directions as coming from different points. 

Let us first consider the rays which leave at right angles to 
the line on which the points are situated. The points 9, 10, 11, 
12 are drawn as sending out such light. If we draw a line any- 
where at right angles to that direction, all the points in that 
line will evidently he equidistant from the luminous points and 
therefore in the same phase. If, by means of a telescope, 
I collect all these rays I shall see light. Examine next the 
light sent out in the direction bb', and suppose that the per- 
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pendiculars drawn from 7 and 8 on that direction cut off distances 
equal to half a wave-length, then, by what I have said, the rays 
will mutually destroy each other, and I shall not have any 
light by looking in the direction bb". As I gradually incline 
the telescope more and more I shall come to a direction like 
cc', in which the perpendiculars cut off distances equal to 
a whole wave-length, and in that direction again I shall see 
light. Going round still further I come to a direction dd', in 
which the distances cut off are equal to a wave-length and half. 
Here also no light will be produced, for the crest of one ray 
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will again come on to the hollow of another. Light, however, will 
be seen again in the direction ee', in which the perpendiculars 
cut off distances equal to two wave-lengths. By moving the 
telescope round the other side I shall similarly come to direc- 
tions in which light and darkness will be alternately produced. 
The number of times light and darkness will alternate depends 
chiefly on the distance between the luminous points. 

Supposing now I look in directions intermediate between 
those drawn on the diagram in which there is neither complete 
agreement nor complete disagreement between the waves. It 
would seem as if here I ought to see neither as much light as in 
the directions in which there is agreement, but yet more than 
where there is disagreement. Such is really the case if the 
number of luminous points be but small, but it can be shown 
by calculation that, as the number of these points is increased, 
the directions in which any light at all is seen gradually restrict 
themselves more and more, and, finally, I shall see light solely in 
the directions such as aa', cc', and ee', in which the perpen- 
diculars cut off distances either equal to a whole wave-length or 
to some multiple of it ; and this is the method by means of 
which we have been able to measure the length of a wave 
of light, small as that wave is ; for if we know the distances 
between the points and the direction BB', in which light first 
appears, we can calculate the perpendiculars which measure 
the length of a wave. At the same time you see how we 
can separate the different colours, for the directions in which 
light will appear are clearly different for waves of different 
lengths. But now I must describe to you how I can produce 
a series of equidistant luminous points, whose distances at the 
same time shall be small compared to the length of a wave 
of light. Points really luminous I cannot employ, for 
neither could I bring them sufficiently near together, nor, 
if I could do so, would they be in the same phase of vibration, 
for the phase of luminous points is constantly changing in an 
irregular way. I must call to aid the previous phenomenon 
to which I have alluded, viz., the diffraction of light. If I 
scratch on a surface of glass a series of lines very close together 
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with a diamond, I render some parts of the surface opaque, and 
the parts which transmit light will be sepai'ated bj equal spaces, 
so that if these parts are small a beam of light passing through 
them will be diffracted and spread about in all directions from 
each opening. If the beam of light, moreover, has originally 
been at right angles to the surface of the glass, the light 
diverging from the openings will all be in equal phases. 
It is true the light does not diverge from a series of 
points as we have assumed, but from a series of small surfaces ; 
but calculation shows that this does not make any difference as 
far as the phenomena we are here discussing are concerned, if 
I take the distances of the openings to be that of their middle 
points. If the beam of light is not incident at right angles, the 
direction in which light is seen will be different, but the general 
appearance will be the same. 

A surface of glass ruled with a number of lines is called a 
diffraction grating. Fraunhofer first constructed such diffraction 
gratings, but their improvement is greatly due to Nobert, whose 
diffraction gratings, all ruled by hand, were until recently unsur- 
passed in their accuracy and excellence. Rutherfurd, however, 
has succeeded in making gratings by machinery, and has also 
ruled them on speculum metal instead of glass. The gratings 
on speculum metal act by reflection instead of by transmission ; 
they give more light and are therefore more useful for spectro- 
scopic purposes. The most powerful of Rutherfurd’ s gratings 
have over 17,000 lines ruled on the inch. Rowland quite 
recently has improved even on Rutherfurd’s gratings, and has 
especially been able to cover a larger surface ; so that it is pos- 
sible now to have a surface of several inches square ruled with 
lines which are only the 20,000th part of an inch apart. 

The general appearance presented by solar light decomposed by 
the grating is illustrated in Figs. 7 and 8. Let the light enter 
the grating at right angles to the surface, in the direction of 
the arrow in Fig. 7, when the grating is ruled on glass, or in 
the direction of the dotted arrow, when the grating is ruled on 
speculum metal. If we look in the direction from which the 
light comes, a bright white spot of light is seen, this is drawn 
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on the figure as a point ; as we move the eye to the right or 
left, we shall see the rainbow colours of white light decomposed 
by the grating, the violet light having the smallest wave-length 
will appear nearest to the bright central spot. This first 
spectrum on either side stands out clear from the remainder. 
If we look in directions gradually more inclined to the 
perpendicular of the grating a new spectrum is seen; this is 
due to the crest of one wave falling over the crest of another 
which was two wave-lengths in advance. Here again the violet 
will be least deflected, but the red will not stand out clearly 
for it will overlap the violet of the third spectrum ; and as we 
go on changing the direction in which we look towards the 




Figs. 7 and 8. 



grating we shall see more and more spectra and they will over- 
lap more and more. The first spectrum, or the spectrum of 
the first order as it is called, shows the rays with least dispersion 
while the greater the order of the spectrum, the greater is the 
dispersion. If we want to observe them we must separate the 
one we want to see from those which overlap, and I shall have 
to explain to you in a subsequent lecture how this can be 
done. In the figure each spectrum is drawn a little above the 
one preceding it, so as to avoid confusion, and if as is assumed 
in the drawing there are 400 lines on each millimeter, we shall 
see three complete spectra on either side, and the violet ends of 
three further ones. If we incline the grating to the direction of 
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the rays, the appearance is illustrated by Fig. 8. The bright 
spot of white light is no longer in the centre but towards one 
side ; and the spectra on the two sides become unsymmetrical, 
but I can now see as many as live complete and four more 
incomplete spectra on one side, and this is a great advantage 
when I want the spectra of higher orders for great dispersion. 

The weak point of these gratings consists in the light being 
broken up and separated, not into one spectrum, as in the case 
of a prism, but into several distinct spectra ; the light in each 
is naturally weakened, and whenever we have therefore to deal 
with sources of light not very strong in themselves, the method 
of separation by a grating is difficult. Gratings are not likely for 
this reason ever to replace the ordinary one-prism spectroscopes 
such as I shall describe in my next lecture; but for the examina- 
tion of solar light, and whenever we want and can employ high 
dispersion, gratings give a better result than the batteries of 
prisms which have until lately been used for the purpose. 

There is one great difference between spectrum produced 
by means of a prism and that by means of a grating ; while 
the grating separates out two waves of different length in such 
a way that their distance is always very nearly proportional to 
the difference in their wave-length, the prism spreads out the 
blue rays much more than the red ones. To give an example, 
let us take, as is usually done, as our unit of length, the ten 
millionth part of a millimeter, and let us call this length a tenth- 
meter. Consider two rays which shall have a wave-length 
7,000 and 7,010 respectively, and also two rays with a wave- 
length of 4,000 and 4,010 ; the first set would look dark red 
to our eyes while the second set would be violet. The dif- 
ference in wave-length of the rays in each set is 10 tenth- 
meters ; accordingly, the grating will show the rays separated 
through almost exactly equal distances. But if the same rays 
are separated by means of a prism, the two violet ones would 
have more than five times the distance than the two red ones- 

Fig. 9 (I. and III.) is intended to illustrate this distinction. 
In (III.) we have the rays with a wave-length of 4,000, 4,500, 
and so on up to 7,500 as spread out by means of a grating; and 

o 
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we see that to equal differences in wave-length correspond 
equal distances between the rays. On the other hand a prism 
would spread out these same rays as indicated in (I.), and we see 
how near the red end, on the right of the figure, the same differ- 
ence in wave-length is separated to a much smaller extent than 
in the violet. If we had a dispersion spectrum and a diffraction 
spectrum, the first would show the red end much compressed 
together, while the blue and violet would occupy a much larger 
space than in the second. I shall presently have occasion to 
remind you of this important difference, but after this somewhat 
long digression I must now pass on to the consideration of another 
matter, and remind you that rays exist which do not make any 
luminous impression on our eyes, but which still play a most 
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important part in the nature of the solar light, and of other sources 
containing an even greater amount of invisible rays. Amongst 
the various devices, by means of which we can make ourselves 
aware of the existence of these rays, by far the most valuable is 
photography. And on calling this most beautiful art to our 
assistance, we find that what we see is only a small part of the 
whole spectrum, which in reality extends both far beyond the 
red into what is called the infra-red, and beyond the violet into 
the ultra-violet. The total length of the spectrum which has 
been observed up to the present time, contains between three 
and four octaves instead of the one octave which affects our 
eyes ; and every new improvement in our methods and apparatus 
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shows a fresh extension of the rays emitted by luminous 
substances. The heating power of the rays sent out by self- 
luminous bodies is not confined to the luminous parts of the 
spectrum. What we call the heating power, in fact really 
measures the intensity of the ray. The loudness of a sound 
cannot be compared with the brilliancy of a ray of light as 
seen with our eyes, but rather with the heating power of the 
ray. Hence every ray must have some heating power, 
and indeed the infra-red rays were first discovered by 
means of their thermal effects. Suppose for instance that we 
produce a solar spectrum by means of a prism, in the manner 
which I have indicated, and suppose by means of a thermometer, 
a thermopile, or otherwise, we measure the heating effects 
of different parts of this solar spectrum. As we move the 
thermometer from the red end of the spectrum towards the 
violet, we find that a gradual diminution of heating power 
occurs. But if we move it from the red end in the opposite 
direction, that is into the regions in which we can no longer see 
any light, we shall at first observe an actual increase of heating 
power, and afterwards in the more remote portions a diminution 
will be noticed. It was by means of a thermometer and an 
experiment made exactly in this manner, that Sir William 
Herschel first discovered the infra-red rays in the year 1800. 
The experiment seemed to justify him and those who came 
after him in saying that the maximum heating power of the 
solar rays was in the invisible parts of the spectrum beyond the 
red. But this result depends altogether on the manner in 
which the experiment is performed. If instead of employing a 
prism we separate the rays by means of a grating we shall 
observe an altogether different effect. The maximum heating 
effect will no longer be in the infra-red but in the yellow or 
orange part of the spectrum. In order to examine a little 
more closely on what this curious difference depends, let us 
once more consider the different way in which the waves of 
light are separated in the grating and in the prism. Suppose 
for instance we were measuring the heating effect in a 
diffraction spectrum such as Fig. 9 (HI-) and in a refraction 

c 2 
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spectrum Fig. 9 (I.), and let us assume that our thermometer 
was of such a size as to cover in the diffraction spectrum, the 
distance between the equidistant lines in the figure, then I might 
perhaps find that for the interval from 7,000 to 7,500 I should 
get the same heating effect as for the interval from 5,000 to 
5,500. Let us then move the thermometer into the spectrum 
produced by refraction. We see by the figure that the wave- 
lengths in the red are so near together that the thermometer 
now will allow more than double the number of waves to fall 
upon it, that is all waves between 7,500 and 6,500 will fall into 
it, and consequently the heating effect here in the extreme red 
will be much greater when the spectrum is produced by a prism, 
than when a grating is used. On the other hand the green 




rays from 5,000 to 5,500 occupy a larger space with a prism 
than with a grating, the thermometer will therefore not receive 
so many and would not rise so high. 

It is clear, therefore, that in the red, and d fortiori in the 
infra-red, the prism will show too large a heating power as 
compared with the grating, while in the green, and still 
more in the blue and violet, the prism will show a smaller 
thermal effect. It was the merit of Draper to have drawn 
attention to this important difference, and to have shown that 
when the spectrum is spread out according to a wave-length 
scale, the maximum heating effect of the solar rays is in the 
visible part instead of in the infra-red. But his instruments 
were insufficient for accurate measurements, and some of his 
conclusions were vitiated by his incorrect but otherwise laudable 
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opinion, that the distribution of light and heat was the same in 
the solar spectrum. The mere existence of infra-red rays ought 
to have shown him that this is not the case. The first attempt 
to find accurately distribution of heat in the solar spectrum was 
made by J. Muller, and published by him in 1858,. The 
observations were made with a prism of rock-salt which does 
not absorb appreciably the infra-red rays, but were afterwards 
reduced to wave-lengths as well as the means of the author 
allowed him to do so. The results were plotted down in a curve 
given in Figs. 10 and 11, of which the first gives the distribution 
of heat as shown by the prism,, having a maximum effect in the 
infra-red, whereas the second exhibits the same reduced to the 
wave-length scale and gives the maximum heating power in the 
yellow. As Muller himself observed, the weak point of his 




results consisted in the uncertainty of his wave-lengths. Modern 
researches have partly overcome this difficulty, and thanks to 
Prof. Langley we have now a fairly complete knowledge of 
the distribution of heat throughout the solar spectrum. His 
interesting series of experiments was made with an instrument 
termed a bolometer. 1 This consists of very thin strips of metal 
which form the arms of an electric balance ; if one of these arms 
be heated ever so slightly, while the temperature of the other 
remains unchanged, a movement of the galvanic needle included 
in the circuit is noticed. To give an idea of the delicacy of this 
measurer of sunlight I may state that a change of temperature 
of xwoo- of a degree centigrade is easily noted, and that the 
heating effects of the ultra-violet rays can be detected in less 
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than ten seconds, though the same radiation is so weak that 
falling uninterruptedly for over one thousand years on a kilogram 
of ice at 0° C. it would not wholly melt it (Langley). 

By what I have said you see that I get an altogether different 
curve of heat distribution according as I plot down on the 
horizontal line refractive indices, as I do with a prism, or 
wave-lengths as I do with a grating ; and there can be no doubt 
that the curve obtained with the wave-length scale is to he 
preferred, as it is fixed and absolute, while prisms of different 
substances will not disperse the light in exactly the same way. 
But I can prepare scales as absolutely correct as that of the wave- 
length scale and still obtain different curves of heat distribution. 
Supposing for instance we take on a horizontal line equal 
distances, not for equal differexxces in wave-lengths but for equal 
differences in time of vibration of different waves, I should 
obtain a distribution of rays in the spectrum given in Fig. 9 (II.) 
which you see is intermediate in its dispersive pi'operties between 
the prism and the grating. If then I measui'e for each wave- 
length the heating power along a vertical line, I should get a 
curve somewhat intermediate between that shown in Fig. 10 
and in Fig. 11. Such a curve would show its highest point 
somewhere in the exti’eme red. We see by all these examples 
that the results I obtain for the distribution of heat or of energy 
in the solar spectrum are somewhat arbitrary, for they depend on 
the way in which the spectra are obtained. To say that the 
maximum heating effect lies in the infra-red or in the yellow, or 
in the red, has no real meaning unless I add in what way the 
results have been obtained and reduced. This was first clearly 
pointed out by Lord .Rayleigh. 

I will now endeavour to show you by an experiment the fact 
of the existence of these dark heating rays of really invisible 
light, and to do this I will employ the beautiful arrangement 
by which Dr. Tyndall first accomplished the separation of which 
I have just spoken. I have for this pui’pose placed in the 
dark box (d, Fig. 12) an electric lamp (l), which gives us a very 
bright light, and by means of this mirror (m) I can bring the 
rays to a focus at any desired point. Hex*e is a cell (c) which 
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Dr. Tyndall very expressively calls a ray-filter, by' which I can 
filter out the whole of the luminous rays, by passing them 
through this opaque solution of iodine in disulphide of carbon, 
whilst the invisible heating rays are transmitted, and will soon 



render themselves evident to you. A current of cold water 
circulates through a double jacket on the outside of the cell, 
to keep the volatile disulphide cool. Now I think you will 
observe that no rays of light come through, but if I take a 
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piece of black paper, and place it in the focus of our mirror, 
you see the paper is ignited, owing to the presence of these dark 
heating rays. I may now do the same with a piece of blackened 
platinum (p, Fig. 12) ; you see that this also is heated to red- 
ness. I can show you this again in a variety of forms. Here 
is some gunpowder strewed on this paper; you observe that 
it at once explodes when brought into the focus of the dark 
rays. Here I have some blackened gun-cotton, which instantly 
catches fire. I may vary the experiment by lighting a cigar ; 
and here you see the brilliant .scintillations of charcoal burning- 
in oxygen, having been heated up to the temperature of igni- 
tion in the focus of the dark rays. Dr. Tyndall has measured 
the proportional amount of the entire heating rays which, pour- 
ing forth from this incandescent carbon, has passed through 
this dark filter, and he has found that this consists of -J of the 
whole amount ; so that only ^ of the radiation is really visible. 

Another, and perhaps still more striking, method of showing 
the existence of these infra-red rays is that employed by Captain 
Abney, who has been able to prepare sensitive films capable of 
receiving photographic impressions of these invisible vibrations, 
and thus the notion, previously held, that only the more re- 
frangible portion of the solar radiation was capable of producing 
chemical action, has now to be given up. Another, and third, 
method of investigating these infra-red rays has been founded 
by M. Becquerel on the properties of certain bodies with respect 
to phosphorescence and fluorescence. I must, however, defer a 
description of this until, in a subsequent lecture, I shall 
speak of these phenomena. 

Let us now examine a little more closely the power of the 
luminous vibrations to produce chemical action. It still remains 
quite true that for most cases of chemical change, and those 
which are perhaps the best known, it is the more refrangible 
rays at the blue end of the spectrum which effect this chemical 
action. Allow me to illustrate this fact to you by an experi- 
ment, and in order to render the illustration more perfect I will 
first make an experiment with reference simply to white light, 
to show you that the brilliant light which is emitted by this 
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burning magnesium, and is almost too dazzling for the eye to 
bear, contains a very large proportion of the rays which we are 
about to investigate. 1 

I have here a thin glass bulb containing a mixture of equal 
volumes of two gases, chlorine and hydrogen. These gases 
when exposed to a bright light combine together, and form 
hydrochloric acid gas. If I were to throw this bulb out into 
the sunlight, so rapid would be the combination, and so great 
the consequent evolution of heat and sudden expansion, that 
this little bulb would instantly be shattered into a thousand 



'Pig. 13. 

fragments. Almost as sudden an effect would be produced 
if I simply burn a bit of magnesium wire in the neighbour- 
hood of the bulb (Fig. 13) ; it explodes with a pretty loud report, 
the bulb is shattered, and the gases have been combined by 
virtue of the blue rays contained in this kind of light. In order 
to convince you that the red rays cannot produce the action 
which the blue ones are able to effect, I here burn a piece of 
phosphorus, first in a red globe full of oxygen gas, when, as 
you see, an intense light is emitted wholly without action on 
our little bulb of sensitive gas. Next I burn a similar piece 
. 1 See Appendix B for the measurement of the chemical intensity of magnesium 
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of phosphorus in oxygen contained in this blue globe, and as 
soon as the intensity of the light attains its maximum, the bulb 
explodes with a loud report. I will next show you in another 
way that it is the blue rays which thus act chemically. This 
lantern (Fig. 14) contains panes of different coloured glass, — here 
a white one, there a yellow one ; here a red one, there a blue 
one. I am going to put another of these little bulbs filled with 
chlorine and hydrogen in the inside of this lantern, and then 
I will produce, not by magnesium wire, but by another means, 
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a very bright blue light, a light which contains these chemically 
active rays in great quantity. I will first allow this blue light to 
shine upon the bulb through the red pane of glass. Here I pro- 
duce a very bright flame, by throwing some carbon disulphide 
into a tall cylinder full of nitric oxide gas, and igniting 
the mixture. There you have the bright flash, but you have 
noticed no explosion of the bulb, for all the chemical rays have 
been held back : filtered off by this red glass, they cannot pass 
through; and the consequence is, there has been no action on 
my bulb. I will now allow another of these flashes of light 
to pass through the blue glass, which being of course trans- 
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parent to the blue rays, my little bulb will be shattered into 
a fine powder, as you observe. Here then we have ascertained 
by experiment that the blue rays act chemically on a mixture of 
chlorine and hydrogen, whilst the red rays are the most intense, 
as shown by their heating power. 

This sensitive mixture of chlorine and hydrogen, which, as 
you have seen, explodes when the chemical activit} 7 of the 
light is great, may be used as a most delicate means of 
measuring the amount of light of slight intensity. The combina- 
tion of the gases then occurs slowly, and may be rendered 
evident by allowing the hydrochloric acid thus formed to be 
absorbed by water, when the consequent diminution in bulk of 
the gas accurately represents the chemical action effected. 

The varying power of the different parts of the solar spec- 
trum to produce the chemical combination of chlorine and 
hydrogen has been carefully investigated. The accompanying 
figure (Fig. 15) exhibits the chemical action effected by the 
various portions of the spectrum on the sensitive mixture for 
one particular zenith distance of the sun. The lines marked 
with the letters of the alphabet from A to w, at the bottom of 
the figure, represent the fixed dark lines, which exist in the 
solar spectrum, of which I shall have much to say in the sub- 
sequent lectures. They serve as landmarks by which to ascer- 
tain the position of any given point in the spectrum. The 
greatest amount of chemical action is noticed between the line 
in the indigo marked G, and that in the violet marked H. In 
the direction of the red end of the spectrum, the action becomes 
imperceptible about D, in the orange (the maximum of visible 
illumination) ; whilst towards the other end of the spectrum 
the action is found to extend as far as the line marked u, or 
to a greater distance beyond the line H in the violet than the 
total length of the ordinary visible spectrum. For other 
chemical substances, such as the salts of silver, which are 
capable of undergoing decomposition when exposed to the 
light, different curves of sensitiveness are obtained. All these 
bodies are acted upon by the blue rays, but some have their 
1 See Appendix C for description of method. 
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maximum action at one part, some at another part of the 
spectrum. 

The fact that the more refrangible rays act more energetically 
upon the ordinary photographic plate can be illustrated 
by showing that I can photograph with these blue rays, 
whereas I fail to produce the same effect with the red 
rays. I will coat a plate with collodion, and then darken the 
room, with the exception of this yellow monochromatic flame, 
produced by the volatilization of soda salts, which is incapable 
of acting chemically, and with which we may work without 




Fig. 15. 



at all affecting our photographic plate. Now I have coated 
a plate with collodion, and sensitized it in the silver bath. I 
shall next expose this to the action of the light of the spectrum 
of the electric lamp. Let me first show you that I have here 
(Fig. 16) a negative photograph, of which I am about to take 
a print by means of the blue rays of the electric lamp. You 
will observe that there are two figures upon the negative, one 
marked V and the other marked R : these letters being intended 
to signify Violet and Red. The one figure marked V, I propose 
to place in front of my sensitized plate in the blue or violet ray, 
and the one marked R I shall open in the red ray, and I hope 
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to be able to produce a chemical effect on that portion of my 
sensitized plate which has been exposed to the blue, whilst we 
shall get no corresponding effect on the portion exposed to the 
red ray. I next place my plate with its face downwards on 
the negative; we now start our electric lamp, using a small 
spectrum in order to have the action rather more distinct. I 
then expose half my plate in the red rays for about twenty 
seconds, and afterwards expose the other half, with the V upon 
it, for about the same length of time, to the violet light. I will 
now develop and wash the photograph, and throw the image 
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produced on the screen, when you will observe (Fig. 17) a very 
marked difference between the two halves, the one showing that 
no action has been produced on the sensitive plate exposed to 
the red rays, and the other giving us the perfect picture with 
the Y upon it. 

Now let me bring before you evidence of our extended 
knowledge on this subject. I have here a collodion film plate 
prepared by Captain Abney’s method, and with it I will perform 
exactly the same series of operations which you have just 
witnessed with the ordinary film. Here I expose part of it in 
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the red, and now I open the other part of the plate in the 
violet light from my electric lamp. Now I will develop the 
plate, and you see that the image is visible on the side marked 
It, although it is also seen that an action has also taken place on 
the side marked V. How can this remarkable difference be 
explained ? A simple experiment will, I think, serve to do 
this. Here I have an ordinary dry collodion jolate, such as I 
used in the first of the two experiments. I place this in front 
of our electric lamp, and you observe that we have an orange or 
red coloured image thrown on the screen. In other words, the 
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blue rays of the white electric light have been absorbed, whilst 
the red and orange rays pass through the film. Now I replace 
this ordinary plate by one prepared by Captain Abney’s process. 
This you see throws a blue image on the screen ; it absorbs the 
red and orange rays, although it has not lost all its power of 
absorbing the blue, and this is the plate, you will remember, 
which possesses the capability of photographing the red and 
infra-red portions of the spectrum. Here, then, we have an 
explanation of this diverse action ; for in order that a chemical 
change shall be effected, the molecules of which the compound 
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is built up must be broken up if a decomposition takes place^ 
or the constituent atoms of the elements must be brought into 
contact if a combination occurs. This can only take place •when 
the vibrations which constitute light are taken up by the mole- 
cules or atoms, and in this case the light ceases to exist as such 
and is transformed into molecular motion. So if the molecules 
have the power of absorbing the blue rays, as you have seen is 
the case with the ordinary photographic plate, and with the 
yellow mixture of chlorine and hydrogen, these blue rays will 
have the power of bringing about either the decomposition of 
the silver salt or the combination of chlorine and hydrogen. If, 
on the other hand, another kind of molecule has the capacity of 
taking up the red rays, and therefore of allowing the blue rays 
to pass, as you saw in Abney’s plate, then we find that it is the 
red rays which are capable of acting chemically upon this 
molecule. Thus you will understand that we can no longer 
speak of specifically actinic or chemically active rays, for every 
ray is capable of acting on a certain chemical compound, and 
all may, therefore, be said to be chemically active. So far, 
indeed, has Abney increased the sensitiveness of his film for 
the infra-red rays, that he has not only succeeded in obtaining 
photographs of the invisible solar rays, but has even taken a 
picture, in the dark, of course, of a kettle of boiling v r ater. 

Another very interesting example of the chemical changes 
effected by the more refrangible rays, recently studied by Professor 
Tyndall , 1 is the decomposition which the vapours of certain 
organic bodies undergo when exposed to the concentrated solar 
rays, or to the concentrated beam of the electric light. To in- 
vestigate these remarkable changes Tyndall passes a very small 
quantity of the colourless and invisible vapours of such a liquid 
as nitrite of amyl, together with air, into a long glass tube closed 
at each end by glass plates; on allowing-a beam of parallel rays 
to fall through the length of the tube, the space at first appears 
to be empty and dark, but after a few seconds singularly 
beautiful, coloured cloud-forms make their appearance, and as 

1 “On the Action of Rays of high Refrangibility upon Gaseous Matter,” by 
■T. Tyndall, F.R.S., Phil. Trans., 1870, p. 333. 
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these are not seen when the tube contains only air, we thus 
learn that a chemical change has taken place in the vapour 
itself. Of the exact nature of the changes here produced we 
are as yet ignorant, but in many cases it is probable that an 
oxidizing action is going on. The delicacy of these reactions is 
remarkable, even by the side of the phenomena of spectrum 
analysis, for the quantity of matter capable of producing these 
actinic clouds is found to be extremely small. 

Even the impression produced by the rays of light on the 
retina seems to be a kind of photographic action, for Professor 
Kiihne has found that the purple film, termed the visual purple, 
which covers this delicate membrane, loses its colour on exposure 
to light. He has, indeed, proved that it is possible to obtain 
upon this film a so-called optogram, or visible image fixed on 
the retina, of the object at which the eye may be directed. In 
the living eye the sensitive surface is quickly being renewed, 
and consequently the eye constantly recovers its power. 1 

The rays which the sun constantly pours down upon our 
earth, doubtless exert, by their chemical action, a most im- 
portant influence on the fauna and flora of a country, and it 
becomes a matter of some importance to measure accurately 
their varying intensity with the changing seasons, and at 
different parts of the globe. It may not be uninteresting if 
1 point out some of the results which have already been 
obtained by measui’ements of this kind, made by a method 
proposed by Professor Bunsen and myself, and depending on the 
darkening of a sensitive paper prepared with chloride of silver. 
The principles upon which the method is based are : (1) that a 
photographic paper can be prepared which always shall possess 
a constant degree of sensitiveness ; and (2) that the darkening 
effect produced by the light on this paper is constant when the 
product of the intensity of the light into the time of exposure 
is also constant. Measurements according to this method have 
been carried out at Kew Observatory, and an interesting series 
of curves obtained, showing the variation of the chemical action 

1 See “On the Photochemistry of the Retina and Visual Purple,” Macmillan 
and Co., 1878. ^ 
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of the daylight with the seasons. The curves (Fig. 18) show 
the rise and fall of monthly chemical intensity with the hour 
of the day, from 6 A.M. to 6 P.M., for the year 1866. We see 
from these curves that the maximum amount of chemical action 
occurs at 12 o’clock, and that this action is equal at hours 
equidistant from noon ; we learn also that if the chemical in- 
tensity in July 1866 be represented by the number 100, that 
in January is represented by 14 ; or in mid-summer the chemical 
intensity of the sun is more than seven times as great as in 
mid-winter. 1 

Still more interesting is it to ascertain the distribution of the 
chemically active rays on the earth’s surface, about which we 
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Fig. 18. 



as yet know but little. According to the vague observations of 
photographers, it would appear that in advancing from England 
towards the equator, the difficulty of obtaining good pictures is 
increased, and more time is said to be needed to produce the 
same effect on the photographic plate under the full blaze of a 
tropical sun than in the gloomier atmosphere of London. It 
has likewise been stated that in Mexico, where the light is very 
intense, from twenty minutes to half an hour was required to 
produce photographic effects wdiich in England occupy only a 
minute ; and it is said that travellers engaged in copying the 

1 (Roscoe) Bakerian Lecture, Phil. Trans., part ii. 1865, p. 605 ; and also 
(Roscoe) Phil. Trans. 1867, p. 555. 
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antiquities of Yucatan have on several occasions been obliged 
to abandon the use of the photographic camera, and have had 
to take to their sketch-books ! In order to test the validity of 
these statements, it becomes a matter of great importance to 
determine directly the intensity of the chemically active rays 
in the tropics ; and, thanks to the zeal and ability of my friend 
Professor Thorpe, I am able to show you the results of such 
measurements, made at Para, situated nearly under the equator, 
in the northern province of the Brazils, and lying on a branch 



April 1S66. April SS‘1 1 /SSS. 
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of the Amazons. Owing to the rainy season having commenced 
when the experiments were made, the changes in the chemical 
intensity as observed from hour to hour, and even from minute 
to minute, are very sudden and remarkable, and are well seen 
on the curves (Figs. 19 and 20) ; and these, compared with the 
dotted lines below indicating the corresponding action on the 
same day at Kew, show the enormous variation in chemical 
intensity which occurs under a tropical sun in the rainy season. 
Kegularly every afternoon, and frequently at other hours of the 
day, enormous thunder-clouds obscure the sky, and, discharging 
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their contents in the form of deluging rain, reduce the chemical 
action nearly to zero. The storm quickly passes over, and the 
chemical intensity rapidly rises to its normal value. By com- 
paring the curves for Para and Kew on the same days, we 
obtain some idea of the energy of chemical action at the tropics, 
and it is at once evident that the alleged failure of the photo- 
grapher cannot at any rate be ascribed to a diminution in the 
sun’s chemical intensity as thus measured, which in the month of 
April 1866 was nearly seven times as great at Para as at Kew. 

The absorptive effect of the earth’s atmosphere on the direct 
rays of the sun is apparent to everybody looking at the brilliant 
red colours of sunrise and sunset, these colours beine due to 
the absorption and scattering of the blue rays. Occasionally, 
however, the red rays are absorbed more than the refrangible 
ones, and in that case we have the remarkable phenomenon of 
a green sun. 

The whole subject of the effects of our atmosphere on the 
solar radiation, both at the red and blue end of the spectrum, 
has recently been investigated by Professor Langley, who finds 
that to an observer placed above the atmosphere the sun would 
appear of a decidedly blue colour. 

I have in conclusion to point out to you that the solar spec- 
trum differs in certain respects from that beautiful spectrum of 
the electric arc with which we have been working ; and it differs 
in this way, that the solar spectrum consists, not of a continuous 
band, passing without break or interruption from red to violet, 
through all the shades of colour which we know as the rainbow 
tints, but that in the solar spectrum we find, interspersed between 
these colours, certain dark lines which we may regard as shadows 
in the sunlight, spaces where certain rays are absent. The first 
person who observed these dark lines was Dr. Wollaston. 1 
Newton did not observe them, and for the good reason that he 
allowed the light to fall on a prism from a round hole in the 
shutter. In this way he did not obtain what is termed a pure 
spectrum, but a series of spectra, one overlapping the other, 
owing to the light coming through different parts of the round 
1 Phil. Trans. 1802, p. 378. 
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hole. If he had allowed the light to pass through a fine 
vertical slit, and if this slit of light, if we may use such a term, 
had then fallen upon the prisms, placed so that the edge of the 
refracting angle is parallel to the slit, he would have observed 
that the solar spectrum was not continuous, but broken up by 
permanent dark lines. Dr. Wollaston, making use of a fine slit 
of light, discovered these fixed dark lines in the solar spectrum. 
Newton does, indeed, state that advantages accrue if a “hole 
shaped like a long parallelogram an inch or two long, but a 
tenth or twentieth of an inch broad or narrower,” he used 
instead of a round hole, but this width of slit is far too great to 
allow of the fixed lines being seen. 

I invite your attention to the drawings of these lines in this 
very imperfect sketch of the solar spectrum (see coloured diagram 
on Frontispiece). These dark lines are always found in the 
same position in the sunlight, whether you take direct, diffused, 
or reflected sunlight. The exact mapping and observation of these 
lines in the solar spectrum is a matter of as great imjiortance 
to astronomy and to physical science generally as the mapping 
of the stars in the heavens, because by knowing exactly the 
position of these dark lines in the solar spectrum w 7 e can ascer- 
tain that iron, sodium, and other well-known substances exist 
in the solar atmosphere. 

I will now show you a diagram illustrative of this fact, and 
remind you that we are indebted for the first careful examina- 
tion of these lines to a German optician, Fraunhofer, whose 
name has been attached to these lines. Fraunhofer mapped no 
less than 576 of these lines in the year 1814. 1 This is an exact 
reduced copy of his map (Fig. 21). On the left is the red and on 
the right is the violet portion of the visible spectrum. You observe 
how this spectrum is shaded. Notice, if you please, the immense 
number of lines which intersect and almost appear to make the 
solar spectrum dark. Fraunhofer employed the letters of the 
alphabet to designate some of the principal lines, beginning 
with A in the red and passing on to H in the violet. Many of 
these lines are as fine as the finest spider’s web, so that they 

1 Denksclu'iften del' Miincliener Akademie, 1814. 
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occupy but a small portion of the whole area of the spectrum — 
that is, the portion which is filled with light is far greater than 
the portion filled with these shadows, although the number 
of these shadows is so exceedingly large. The curve in the 
upper part of the figure gives Fraunhofer’s estimate of the in- 
tensity of the visible rays at different parts of the spectrum, 
showing that when the light is spread out by means of a prism, 
the maximum visual intensity occurs in the yellow. 

Fraunhofer first ascertained that these lines are present in 
every kind of sunlight, and that moonlight, as well as the light 
of the planet Yenus, exhibits the same dark lines. He like- 
wise measured the refractive indices and the wave-lengths of 
these lines, — that is, determined their relative positions in 
the solar light ; and he found that the relative distances 
between any given lines remained constant, whether he took 
direct sunlight, or sunlight reflected from the moon or 
planets. 

Since Fraunhofer’s time more accurate determinations of 
the wave-lengths of the various dark solar lines have been 
made. Of these the most exact are those observed by Pro- 
fessor Angstrom, 1 of Upsala; and the numbers obtained by 
him for the wave-lengths of the most important solar lines 
are usually taken as the standard measurements in this 
branch of science. In one column of the following table 
you will find these standard wave-lengths in Angstrom’s 
numbers expressed in tenth-metres (or in ten-millionths of a 
millimetre) ; in the other column are seen the numbers ob- 
tained by Fraunhofer in 1814 for the wave-lengths of the same 
dark lines. 



ths. Fraunhofer’s Wave-lengths, 
onths of a millimetre.) 

6879-5 
6562-3 
5892-0 
5265-3 

1 Angstrom, “ Reclierches sur le Spectre Solaire, Spectre Normal du Soleil,” 
p. 25. Upsala, 1868. 
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Angstrom’s Wave- 
(In ten- 


A. 


7604-00 


B. 


6867-00 


C. 


6562-10 


D. 


5892-12 


E. 


5269-13 
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Name of Line. 


Angstrom’s Wave-lengths. 


Fraunhofer’s Wave-lengths. 


(In ten-millionths of a millimetre.) 


F. 


4860-72 


4849-5 


G. 


4307-25 


4293-3 


H r 


3968-19 


3945-0 


h 2 . 


3933-00 


“ 



Another important observation was made by Fraunhofer, — - 
namely, that the light from the fixed stars, which, as you know, 
are self-luminous, also contains dark lines, but different lines 
from those which characterize the sunlight, the light of the 
planets, and that of the moon; and hence in 18l4 Fraunhofer 
came to this remarkable conclusion : that whatever produced 
these dark lines — and he had no idea of the cause — was some- 
thing which was acting beyond and outside our atmosphere, 
and not anything produced by the sunlight passing through 
the air. 

This conclusion of Fraunhofer has been borne out by sub- 
sequent investigation, and the observations upon which it was 
based may truly be said to have laid the foundation-stone of 
solar and stellar chemistry. 
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LECTURE I.— APPENDIX A. 

EXTRACTS FROM “NEWTON’S OFTICKS,” 1675. 

BOOK I. PART I. 

Prop. I. Thkoh . — Lights ivliicli differ in colour, differ also in 
degrees of ref Tangibility. 

THE PROOF BY EXPERIMENTS. 

Exper. 1. — I took a black oblong stiff paper terminated by 
parallel sides, and, with a perpendicular right line drawn across 
from one side to the other, distinguished it into two equal parts. 
One of these parts I painted with a red colour and the other with 
a blue. The paper was very black, and the colours intense and 
thickly laid on, that the phenomenon might be more conspicuous. 
This paper I viewed through a prism of solid glass, whose two 
sides through which the light passed to the eye were plane and 
well polished, and contained an angle of about 60°: which angle 
I call the refracting angle of the prism. And whilst I viewed 
it, I held it and the prism before a window in such manner that 
the sides of the paper were parallel to the prism, and both those 
sides and the prism were parallel to the horizon, and the cross 
line was also parallel to it ; and that the light which fell from 
the window upon the paper made an angle with the paper, equal 
to that angle which was made with the same paper by the light 
reflected from it to the eye. Beyond the prism was the wall of 
the chamber under the window covered over with black cloth, 
and the cloth was involved in darkness that no light might be 
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reflected from thence, which in passing by the edges of the paper 
to the eye might mingle itself with the light of the paper, and 
obscure the phenomenon thereof. These things being thus 
ordered, I found that if the refracting angle of the prism be 
turned upwards, so that the paper may seem to be lifted upwards 
by the refraction, its blue half will be lifted higher by the refrac- 
tion than its red half. But if the refracting angle of the prism 
be turned downward, so that the paper may seem to be carried 
lower by the refraction, its blue half will be carried something 
lower thereby than its red half, Wherefore in both cases the 
light which comes from the blue half of the paper through the 
prism to the eye, does in like circumstances suffer a greater 
refraction than the light which comes from the red half, and by 
consequence is more refrangible. 

jE 'xper. 2 . — About the aforesaid paper, whose two halves were 
painted over with red and blue, and which was stiff like thin 
pasteboard, I lapped several times a slender thread of very black 
silk, in such manner that the several parts of the thread might 
appear upon the colours like so many black lines drawn over 
them, or like long and slender dark shadows cast upon them. I 
might have drawn black lines with a pen, but the threads were 
smaller and better defined. This paper thus coloured and lined 
I set against a wall perpendicularly to the horizon, so that one 
of the colours might stand to the right hand, and the other to 
the left. Close before the paper at the confine of the colours 
below, I placed a candle to illuminate the paper strongly : for 
the experiment was tried in the night. The flame of the candle 
reached up to the lower edge of the paper, or a very little higher. 
Then at the distance of six feet and one or two inches from the 
paper upon the floor I erected a glass lens four inches and a 
quarter broad, which might collect the rays coming from the 
several points of the paper, and make them converge towards so 
many other points at the same distance of six feet and one or 
two inches on the other side of the lens, and so form the image 
of the coloured paper upon a white paper placed there, after the 
same manner that a lens at a hole in a window casts the images 
of objects abroad upon a sheet of white paper in a dark room. 
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The aforesaid white paper, erected perpendicular to the horizon 
and to the rays which fell upon it from the lens, I moved some- 
times towards the lens, sometimes from it, to find the places 
where the images of the blue and red parts of the coloured paper 
appeared most distinct. Those places I easily knew by the 
images of the black lines which I had made by winding the 
silk about the paper. For the images of those fine and slender 
lines (which by reason of their blackness were like shadows 
on the colours) were confused and scarce visible, unless when 
the colours on either side of each line were terminated most 
distinctly. Noting therefore, as diligently as I could, the places 
where the images of the red and blue halves of the coloured 
paper appeared most distinct, I found that where the red half 
of the paper appeared distinct, the blue half appeared confused, 
so that the black lines drawn upon it could scarce be seen ; and 
on the contrary, where the blue half appeared most distinct, the 
red half appeared confused, so that the black lines upon it were 
scarce visible. And between the two places where these images 
appeared distinct there was the distance of an inch and a half : 
the distance of the white paper from the lens, when the image 
of the red half of the coloured paper appeared most distinct, 
being greater by an inch and a half than the distance of the 
same white paper from the lens, when the image of the blue 
half appeared most distinct. In like incidences therefore of the 
blue and red upon the lens, the blue was refracted more by the 
lens than the red, so as to converge sooner by an inch and a half, 

and therefore is more refrangible 

Scholium . — The same things succeed notwithstanding that 
some of the circumstances be varied ; as in the first experiment 
when the prism and paper are anyways inclined to the horizon, 
and in both when coloured lines are drawn upon very black 
paper. But in the description of these experiments, I have set 
down such circumstances by which either the phenomenon might 
be rendered more conspicuous, or a novice might more easily try 
them, or by which I did try them only. The same thing I have 
often done in the following experiments ; concerning all which 
this one admonition may suffice. Now from these experiments 
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it follows not that all the light of the blue is more refrangible 
than all the light of the red ; for both lights are mixed of rays 
differently refrangible, so that in the red there are some rays not 
less refrangible than those of the blue, and in the blue there are 
some rays not more refrangible than those of the red ; but these 
rays in proportion to the whole light are but few, and serve to 
diminish the event of the experiment, but are not able to destroy 
it. For if the red and blue colours were more dilute and weak, 
the distance of the images would be less than an inch and a 
half ; and if they were more intense and full, that distance would 
be greater, as will appear hereafter. These experiments may 
suffice for the colours of natural bodies. For in the colours 
made by the refraction of prisms this proposition will appear 
by the experiments which are now to follow in the next 
proposition. 



Prop. II. Theor. 2. — The light of the sun consists of rays 
differently refrangible. 

THE PROOF BY EXPERIMENTS. 

Exper. 3.— In a very dark chamber at a round hole about one 
third part of an inch broad made in the shut of a window I 
placed a glass prism, whereby the beam of the sun’s light which 
came in at that hole might be refracted upwards towards the 
opposite wall of the chamber, and there form a coloured image 
of the sun. The axis of the prism (that is, the line passing 
through the middle of the prism from one end of it to the other 
end parallel to the edge of the refracting angle) was in this and 
the following experiments perpendicular to the incident rays. 
About this axis I turned the prism slowly, and saw the refracted 
light on the wall or coloured image of the sun first to descend, 
and then to ascend. Between the descent and ascent when the 
image seemed stationary, I stopped the prism and fixed it in 
that posture, that it should be moved no more. For in that 
posture the refractions of the light at the two sides of the 
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refracting angle, that is, at the entrance of the rays into the prism 
and at their going out of it, were equal to one another. So also 
in other experiments, as often as I would have the refractions on 
both sides the prism to be equal to one another, I noted the 
place where the image of the sun formed by the refracted light 
stood still between its two contrary motions, in the common 
period of its progress and regress ; and when the image fell upon 
that place, I made fast the prism. And in this posture, as the 
most convenient, it is to be understood that all the prisms are 
placed in the following experiments, unless where some other 
posture is described. The prism therefore being placed in this 
posture I let the refracted light fall perpendicularly upon a sheet 
of white paper at the opposite wall of the chamber, and observed 
the figure and dimensions of the solar image formed on the paper 
by that light. This image was oblong and not oval, but termi- 
nated with two rectilinear and parallel sides, and two semicircular 
ends. On its sides it was bounded pretty distinctly, but on its 
ends very confusedly and indistinctly, the light there decaying 
and vanishing by degrees. The breadth of this image answered 
to the sun’s diameter, and was about two inches and the eighth 
part of an inch, including the penumbra. For the image was 
eighteen feet and a half distant from the prism ; and at this 
distance that breadth, if diminished by the diameter of the hole 
in the window-shut, that is by a quarter of an inch, subtended 
an angle at the prism of about half a degree, which is the sun’s 
apparent diameter. But the length of the image was about ten 
inches and a quarter, and the length of the rectilinear sides about 
eight inches, and the refracting angle of the prism whereby so 
great a length was made was 64°. With a less angle the 
length of the image was less, the breadth remaining the same. 
If the prism was turned about its axis that way which made the 
rays emerge more obliquely out of the second refracting surface 
of the prism, the image soon became an inch or two longer, 
or more ; and if the prism was turned about the contrary way, 
so as to make the rays fall more obliquely on the first refracting 
surface, the image soon became an inch or two shorter. And 
therefore, in trying this experiment, I was as curious as I could 
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be, in placing the prism by the above-mentioned rule exactly in 
such a posture that the refractions of the rays at their emergence 
out of the prism might be equal to that at their incidence on it. 
This prism had some veins running along within the glass from 
one end to the other, which scattered some of the sun’s light 
irregularly, but had no sensible effect in increasing the length of 
the coloured spectrum. For I tried the same experiment with 
other prisms with the same success; and particularly with a 
prism which seemed free from such veins, and whose refracting 
angle was 62-§°. I found the length of the image 9f or 10 
inches at the distance of 18|- feet from the prism, the breadth of 
the hole in the window-shut being \ of an inch, as before. And 
because it is easy to commit a mistake in placing the prism in 




its due posture, I repeated the experiment four or five times, and 
always found the length of the image that which is set down 
above. With another prism of clearer glass and better polish, 
which seemed free from veins, and whose refracting angle 
was 63|°, the length of this image at the same distance of 
18-| feet was also about 10 inches, or 104. Beyond these 
measures for about \ or ^ of an inch at either end of the spec- 
trum the light of the clouds seemed to be a little tinged with 
red and violet, but so very faintly, that I suspected that tincture . 
might either wholly or in great measure arise from some rays of 
the spectrum scattered irregularly by some inequalities in the 
substance and polish of the glass, and therefore I did not include 
it in these measures. Now the different magnitude of the hole 
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in the window-shut, and different thickness of the prism where 
the rays passed through it, and different inclinations of the prism, 
to the horizon, made no sensible changes in the length of the 
image. Neither did the different matter of the prisms make 
any : for in a vessel made of polished plates of glass cemented 
together in the shape of a prism and filled with water, there is 
the like success of the experiment according to the quantity of 
the refraction. [After giving a rigorous proof that the rays in 
different parts of the spectrum are differently refracted, Newton 
proceeds.] 

This image or spectrum P T was coloured, being red at its least 
refracted end T, and violet at its most refracted end p, and yellow, 
green, and blue in the intermediate spaces, which agrees with 
the first proposition, that lights which differ in colour do also 
differ in refrangibility. The length of the image in the fore- 
going experiments I measured from the faintest and outmost red 
at one end, to the faintest and outmost blue at the other end, 
excepting only a little penumbra, whose breadth scarce exceeded 
a quarter of an inch, as was said above. 



Prop. III. Theor. 3. — The sun’s light consists of rays differing 
in reflexibility, and those rays are more reflexible than others 
vjhiek are more refrangible. 

This is manifest by the ninth and tenth experiments, for in 
the ninth experiment, by turning the prism about its axis until 
the rays within it, which in going out into the air were refracted 
by its base, became so oblique to that base as to begin to be 
totally reflected thereby ; those rays became first of all totally 
reflected which before at equal incidences with the rest had 
suffered the greatest refraction. And the same thing happens 
in the reflexion made by the common base of the two prisms 
in the tenth experiment. 
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BOOK I. PART 2. 

Prop. Y. Theor. 4. — Whiteness and all grey colours between 
white and blade may be compounded of colours , and the 
whiteness of the sun’s light is compounded of all the primary 
colours mixed in a due proportion. 

Exper. 11. — Let the sun’s coloured image P T (Fig. 23) fall 
upon the wall of a dark chamber, as in the third experiment of 
the first book, and let the same be viewed through a prism a b c, 
held parallel to the prism A B c, by whose refraction that image 
was made, and let it now appear lower than before,- — suppose in 
the place S over against the red colour T. And if you go near 
to the image P T, the spectrum s will appear oblong and coloured 




like the image P T ; but if you recede from it, the colours of the 
spectrum s will be contracted more and more, and at length 
vanish, that spectrum s becoming perfectly round and white : 
and if you recede yet farther, the colours will emerge again, but 
in a contrary order. Now that spectrum s appears white in that 
case when the rays of several sorts which converge from the 
several parts of the image pt, to the prism ab c, are so refracted 
unequally by it, that in their passage from the prism to the eye 
they may diverge from one and the same point of the spectrum 
s, and so fall afterwards upon one and the same point in the 
bottom of the eye, and there be mingled. 
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And farther, if the comb be here made use of, by whose teeth 
the colours of the image p T may be successively intercepted, the 
spectrum S when the comb is moved slowly will be perpetually 
tinged with successive colours ; but when, by accelerating the 
motion of the comb, the succession of the colours is so quick that 
they cannot be severally seen, that spectrum s, by a confused 
and mixed sensation of them all, will appear white. 

Prop. II. Theor. 2. — All homogeneal light has its proper colour, 
answering to its degree of refrangibility, and that colour 
cannot be changed by reflexions or refractions. 

In the experiments of the fourth proposition of the first book, 
when I had separated the heterogeneous rays from one another, 
the spectrum p t formed by the separated rays did, in the 
progress from its end p, on which the most refrangible rays fell, 
unto its other end t, on which the least refrangible rays fell, 
appear tinged with this series of colours, violet, indigo, blue, 
green, yellow, orange, red,- together with all their intermediate 
degrees in a continual succession, perpetually varying. So that 
there appeared as many degrees of colours as there were sorts of 
rays differing in refrangibility. 

Exper. 5.— Now, that these colours could not be changed by 
refraction, I knew by refracting with a prism sometimes one very 
little part of this light, sometimes another very little part, as is 
described in the twelfth experiment of the first book (see Fig. 24). 
For by this refraction the colour of the light was never changed in 
the least. If any part of the red light was refracted, it remained 
totally of the same red colour as before. No orange, no yellow, no 
green or blue, no other new colour was produced by that refraction. 
Neither did the colour anyway change by repeated refractions, 
but continued always the same red entirely as at first. The like 
constancy and immutability I found also in the blue, green, and 
other colours. So also if I looked through a prism upon any 
body illuminated with any part of this homogeneal light, as in 
the fourteenth experiment of the first book is described, I could 
not perceive any new colour generated this way. All bodies 
illuminated with compound light appear through prisms con- 
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fused (as was said above), and tinged with various new colours, 
but those illuminated with homogeneal light appeared through 
prisms neither less distinct, nor otherwise coloured, than when 
viewed with the naked eye. Their colours were not in the 
least changed by the refraction of the interposed prism. I speak 
here of a sensible change of colour : for the light which I here 
call homogeneal, being not absolutely homogeneal, there ought to 
arise some little change of colour from its heterogeneity. But if 
that heterogeneity was so little as it might be made by the said 
experiments of the fourth proposition, that change was not 
sensible, and therefore in experiments, where sense is judge, 
ought to be accounted none at all. 

Exper. 6.— And as these colours were not changeable by 
refractions, so neither were they by reflexions. For all white, 







Fig. 24. 



grey, red, yellow, green, blue, violet bodies, — as paper, ashes, 
red-lead, orpiment, indigo, bise, gold, silver, copper, grass, blue 
flowers, violets, bubbles of water tinged with various colours, 
peacocks’ feathers, the tincture of Lignum nephriticum, and such 
like, — in red homogeneal light appeared totally red, in blue light 
totally blue, in green light totally green, and so of other colours- 
In the homogeneal light of any colour they all appeared 
totally of that same colour, with this only difference, that some 
of them reflected that light more strongly, others more faintly. 
I never yet found any body which by reflecting homogeneal light 
could sensibly change its colour. 

From all which it is manifest, that if the sun’s light consisted 
of but one sort of rays, there would be but one colour in the 
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whole world, nor would it be possible to produce any new 
colour, by reflexions and refractions, and by consequence that 
tlie variety of colours depends upon the composition of light. 

DEFINITION. 

The homogeneal light and rays which appear red, or rather make 
objects appear so, I call rubrific or red-making ; those which 
make objects appear yellow, green, blue, and violet, I call yellow- 
making, green-making, blue -making, violet-making, and so of the 
rest. And if at any time I speak of light and rays as coloured 
or endued with colours, I would be understood to speak not 
philosophically and properly, but grossly, and according to such 
conceptions as vulgar people in seeing all these experiments 
would be apt to frame, For the rays, to speak properly, are not 
coloured. In them there is nothing else than a certain power 
and disposition to stir up a sensation of this or that colour. For 
as sound in a bell or musical string, or other sounding body, is 
nothing but a trembling motion, and in the air nothing but that 
motion propagated from the object, and in the sensorium ’tis a 
sense of that motion under the form of a sound ; so colours in 
the object are nothing but a disposition to reflect this or that 
sort of rays more copiously than the rest, in the rays they are 
nothing but their dispositions to propagate this or that motion 
into the sensorium, and in the sensorium they are sensations of 
those motions under the forms of colours. 



APPENDIX B. 

BURNING MAGNESIUM WIRE, A SOURCE OF LIGHT FOR 
PHOTOGRAPHIC PURPOSES. 1 

Another interesting practical application of our knowledge 
concerning the properties of the kind of light which certain 
bodies emit when heated, is the employment of the light evolved 
by burning magnesium wire for photographic purposes. The 

1 Professor Roseoe on Spectrum Analysis, Royal Institution of Great Britain 
Proceedings, May 6, 1864. 
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spectrum of this light is exceedingly rich in violet and ultra- 
violet rays, due partly to the incandescent vapour of magnesium 
and partly to the intensely-heated magnesia formed by the com- 
bustion. Professor Bunsen and the speaker in 1859 determined 
the chemically active power possessed by this light, and com- 
pared it with that of the sun ; and they suggested the application 
of this light for the purpose of photography. They showed 1 that 
a burning surface of magnesium wire, which, seen from a point 
at the sea’s level, has an apparent magnitude equal to that of 
the sun, effects on that point the same chemical action as the 
sun would do if shining from a cloudless sky at a height of 
9° 53' above the horizon. On comparing the visible brightness 
of these two sources of light it was found that the brightness of 
the sun’s disc, as measured by the eye, is 524'7 times as great 
as that of burning magnesium wire, when the sun’s zenith dis- 
tance is 67° 22' ; whilst at the same zenith distance the sun’s 
chemical brightness is only 36 - 6 times as great. Hence the 
value of this light as a source of the chemically active rays for 
photographic purposes becomes at once apparent. 

Professor Bunsen and the speaker state, in the memoir above 
referred to, that “ the steady and equable light evolved by 
magnesium wire burning in the air, and the immense chemical 
action thus produced, render this source of light valuable as a 
simple means of obtaining a given amount of chemical illumina- 
tion ; and that the combustion of this metal constitutes so definite 
and simple a source of light for the purpose of photochemical 
measurement, that the wide distribution of magnesium becomes 
desirable. The application of this metal as a source of light 
may even become of technical importance. A burning magnesium 
wire of the thickness of 0'297 millimetre evolves, according to 
the measurement we have made, as much light as 74 stearine 
candles of which five go to the pound. If this light lasted one 
minute, 0'987 metre of wire, weighing 0T20 gramme, would be 
burnt. In order to produce a light equal to 74 candles burning 
for ten hours, whereby about 20 lbs. of stearine are consumed, 
72-2 grammes (2|- ounces) of magnesium would be required. The 
1 Phil. Trans. 1859, p. 920. 

E 2 
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magnesium wire can be easily prepared by forcing out the metal 
from a heated steel press having a fine opening at bottom : 
this wire might be rolled up in coils on a spindle, which could 
be made to revolve by clockwork, and thus the end of the wire, 
guided by passing through a groove or between rollers, could be 
continually pushed forward into a gas or spirit-lamp flame in 
which it would burn.” 

It afforded the speaker great pleasure to state that the fore- 
going suggestion had now been actually carried out. Mr. 
Edward Sonstadt has succeeded in preparing magnesium on the 
large scale, and great credit is due to this gentleman for the able 
manner in which he has brought the difficult subject of the 
metallurgy of magnesium to its present very satisfactory position. 

Some fine specimens of crude and distilled magnesium weigh- 
ing 3 lbs. were exhibited as manufactured by Mr. Sonstadt’s 
process, by Messrs. Mellor and Co. of Manchester. 

The wire is now to be had at the comparatively low rate of 3 d. 
per foot ; and half an inch of the wire evolves on burning light 
enough to transfer a positive image to a dry collodion plate ; 
whilst by the combustion of 10 grains a perfect photographic 
portrait may be taken ; so that the speaker believed that for 
photographic purposes alone the magnesium light will prove 
most important. The photochemical power of the light was 
illustrated by taking a portrait 1 during the discourse. In doing 
this the speaker was aided by Mr. Brothers, photographer, of 
Manchester, who was the first to use the light for portraiture. 



APPENDIX C. 

ON THE CHEMICAL ACTION OF THE CONSTITUENT PARTS OF 

SOLAR LIGHT. 2 

The chemical action effected by the several portions of the 
solar spectrum depends not only upon the nature of the refract- 
ing body, but also upon the thickness of the column of air 
through which the light has to pass before decomposition. In 
1 Of Professor Faraday. 3 Bunsen and Roseoe, Phil. Trans. 1859. 
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the following experiments we have employed prisms and lenses 
of quartz, cut by Mr. Darker of Lambeth, instead of glass 
prisms, which, as is well known, absorb a large portion of the 
chemically active rays. In order to render our experiments as 
free as possible from the irregularities arising from variation in 
the atmospheric absorption, the observations were made quickly 
one after the other, so that the zenith distance of the sun altered 
but very slightly. 

A perfectly cloudless day was chosen for these observations, 
and the direct sunlight reflected from the speculum mirror of 
a Silbermann’s lieliostat through a narrow slit into our dark 
room. The spectrum produced by the rays passing through 
two quartz prisms and a quartz lens fell upon a white screen, 
which was covered with a solution of sulphate of quinine to 
render the ultra-violet rays and the accompanying dark lines 
visible. In this screen a narrow slit was made, through which 
the rays from any wished-for portion of the spectrum could be 
allowed to pass, so as to fall directly upon the insolation vessel, 1 
situated at the distance of from four to five feet. A finely 
divided millimetre scale was also placed on the screen, by means 
of which the distance between the Fraunhofer lines could be 
accurately measured, and the portion of light employed thus 
exactly determined. 

In order to recognize with accuracy the various portions of 
the spectrum, we employed a map of the dark lines prepared 
by Mr. Stokes, which he most kindly placed at our disposal. 
The figure (Fig. 15) contains a copy of Mr. Stokes’s map, with the 
distance measured by him, and letters given according to his 
notation. We have divided the space between the letter A in 
the red to the last ray Stokes observed, w in the lavender rays, 
into 160 equal parts, and we represent the position and breadth 
of the bundle of rays which effected a given action upon the 
insolation vessel as follows : — If a bundle of rays lying between, 

1 This vessel was filled with the sensitive mixture of chlorine and hydrogen 
gases together with water. The chemically active rays effected a union of the 
gases, and the resulting hydrochloric acid gas being absorbed by the water, gave 
a diminution of volume, directly proportional to the intensity of the acting 
chemical rays. 
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the abscissae 205 and 34 in Fig. 15, page 28, had to be 
represented, we should call the edge of the bundle towards 
A, 1 D E, and that towards w, | eg, whilst the middle of the 
portion of the spectrum, which produces the action, we call 
“ J D E to l F G.” The breadth of this bundle of rays in which 
the insolation vessel was completely bathed was x |~g- of the 
total length of the spectrum. 

The following table gives the direct results of a series of 
observations made by perfectly cloudless sky at Heidelberg 
on the 14th of August, 1857, under a barometric pressure of 
0'7494 m. The first column gives the numbers of the obser- 
vations in the order in which they were made ; Column II. the 
times of observation in true solar time ; Column III. the portion 
of spectrum under examination and Column IY. the action 
corresponding to this portion. 



I. 


II. 


III. 


IV. 




H. 


M. 










1 


10 


54 


A.M. 


From 


| OH to I , . 


48'80 


2 


10 


58 


A. M. 


From 


i DE to E . . 


1-27 


3 


11 


4 


A.M. 


From 


C to h DE . . 


0-47 


4 


11 


8 


A.M. 


From 


Nj to f QR . . 


18-28 


5 


11 


13 


A M. 


From 


i RS to | ST . 


2-03 


6 


11 


41 


A.M. 


From 


f ST to | UV . 


1-27 


7 


11 


47 


A M. 


From 


i N 4 Q to i KS . 


11-73 


8 


11 


50 


A M. 


From 


£ ST to § UV . 


1-02 


9 


11 


54 


A.M. 


From 


i IMj to F 4 . . 


37-87 


10 


11 


57 


A.M. 


From 


Hj to £ IMj . 


57-42 


11 


0 


1 


P.M. 


From 


Hj to | IM] . . 


52-30 


12 


0 


4 


P. M. 


From 


i OH to H . . 


61 38 


13 


0 


7 


P. M . 


From 


-jt FG to G . . 


27-64 


14 


0 


16 


P.M. 


From 


| FG to G . . 


28 74 


15 


0 


20 


P.M. 


From 


f DE to F . . 


1-39 


16 


0 


25 


P. M. 


From 


| N 4 Q to i RS . 


13-19 


17 


0 


32 


P.M. 


From 


i N 4 Q to i RS . 


12-41 


18 


0 


40 


P M. 


From 


G to f GIT . . 


53-78 


19 


0 


42 


P. M. 


From 


iGHtoH . . 


58-74 


20 


0 


45 


P M, 


From 


f OH to I . . 


53-9 



If the refraction of the unit amount of incident light which 
is reflected from the mirror of the heliostat at the commence- 
ment and at the end of the series of the experiments be 
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calculated, we get the numbers 0'644 and 0'642, which differ so 
slightly that the variations brought about by the reflection may 
he neglected without overstepping the observational errors. At 
the times of observation on the 14th of August, 1857, the sun’s 
zenith distance was as follows : — 

At lOh. 54m. a.m. . . . 37° 35' 

At 0 0 a.m. ... 35 13 

At 0 45 p.m. ... 36 16 

The chemical intensity of the sun’s rays at these various periods 
may be calculated by formula (14). They are in the proportion 
of the numbers T002, l'OOO, and T016. Although the differ- 
ences between these numbers are hut small, we have reduced 
all the observations to that chemical action which would have 
been observed if they had all been made at 12h. Om. A.M. 
upon the day in question. The following table contains the 
numbers thus reduced, the mean value having been taken of 
those observations which occur more than once : — • 



No. 


True solar time. 


Position in the Spectrum. 


Relative 

chemieal 

action. 


1 


H. M. 

10 54 A.M. 


From f GH to I 


52-7 


2 


10 58 A.M. 


From v DE to E 


1-3 


3 


11 4 a.m. 


From C to | DE 


0-5 


4 


11 8 A.M. 


From Nj to f QR . . 


18'9 


5 


11 13 A.M. 


From \ RS to | ST 


2 1 


6 


11 41 A.M. 


From | ST to | UV . 


1-2 


7 


11 47 A.M. 


From ^ N 4 Q to \ RS . 


12-5 


8 


11 54 a.m. 


From f IM, to N-, . . 


38-6 


9 


0 1 P.M. 


From H-, to | JM-, , 


551 


10 


0 4 p.m. 


From G II to H . . 


60-5 


11 


0 16 P.M. 


From a FG to G . . 


28-4 


12 


0 20 p.m. 


From f DE to F . . 


1-4 


13 


0 40 p.m. 


From G to % GH . . 


54-5 



The lines a a a a (Fig. 15, page 28) give a representation of 
the relative chemical action which the various parts of the 
spectrum, the rays of which have only passed through air 
and quartz, effect on the sensitive mixture of chlorine and 
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hydrogen. It is seen that this action attains many maxima 
of which the largest lies by y 6H to h, and the next at I, and 
also that the action diminishes much more regularly and rapidly 
towards the red than towards the violet end of the spectrum. 

The sun, when it was employed for these experiments, was 
35° 13' removed from the zenith. If the atmosphere were 
throughout of the density corresponding to 076 m. and 0° C., the 
perpendicular height which, during our experiment, it would 
have possessed, is 

Ih Som = 7 > 881 metres. 

The depth of atmosphere through which the rays had to pass in 
this experiment was, however, 

IMWTv =9,647 metres. 

We have stated in one of our previous communications, 1 
that the solar rays which at different hours of the day pass 
through the same column of chlorine are altered in a very 
different manner. This shows that rays of different chemical 
activity are absorbed in very different ways by the air. The 
above results are therefore only applicable for sunlight which 
has passed through a column of air, measured at 0'76 m. and 0° C. 
of 9,647 metres in thickness. For rays which have to pass 
through a column of air of a different length from this, the 
chemical action of the various constituents of the spectrum must 
be different. The order and degree in which the chemical rays 
are absorbed may be obtained by repeating the observations 
according to the above method from hour to hour during 
a whole day. Such a series of experiments we have unfortu- 
nately as yet been unable to execute, owing to the variability 
of the weather in our latitudes. One very imperfect series of 
observations we can, however, quote, and they suffice to show 
that the relation between the chemical action of the spectral 
colours is perceptibly altered when the thickness of air through 
which the rays pass changes from 9,647 to 10,735 metres. 



i Phil. Trans. 1857, p. 617, &c. 
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These experiments were likewise made on August 14th, 
1857, in the short space of time from 9h. 44m. to lOh. 19m. A.M., 
and gave the following numbers reduced to the zenith distance 
(42° 46'), corresponding to lOh. Om. a.m. They were, however, 
made with a bundle of rays of a different thickness from the 
former experiments, and therefore cannot be compared with 
those. 









Relative 


No. 


Time. 


Portion of Spectrum. 


chemical 






action. 




H. M. 






1 


9 44 a.m. 


From | GH to I . . 


14-5 


2 


9 48 A.M. 


From St 3 to B,„ . 


10'] 


S 


9 54 A.M. 


From tV RoS to } ST . 


2'4 


4 


9 59 a.m. 


From | ST to U . . 


o-o 


5 


10 4 A.M. 


From G to f GH . . 


18-0 


6 


10 8 A.M. 


From F to | FG . . 


7-1 


7 


10 11 A.M. 


From b to J FG . . 


8-2 


8 


10 15 A.M. 


From J DE to | EF . 


0-4 



From this it is seen that the relation of the chemical action of 
the spectrum from the line E to the line H undergoes a consider- 
able alteration when the rays have to pass through a column of 
air 10,735 metres in height instead of 9,647 metres. 

An extended series of measurements of the chemical action 
of the several portions of the solar spectrum under various con- 
ditions of atmospheric extinction may prove of great interest, 
if, as we can now scarcely doubt, the solar spots appear at 
regular intervals and our sun belongs to the class of fixed stars 
of variable illuminating power. It is possible that such obser- 
vations, made during the presence and during the absence of the 
solar spots, may give rise to some unlooked-for relations con- 
cerning the singular phenomena occurring on the sun’s surface. 
Whether, however, the atmospheric extinction can ever be 
determined with sufficient accuracy to render visible the alter- 
ation in the light which probably occurs with the spots, is a 
question which can only be decided by a series of experimental 
investigations which must extend far beyond the scope of any 
single observer. 
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APPENDIX D. 

Description of Roscoe’s Actinometer, modified by Mr. 
Horace Darwin, and manufactured by the Cambridge 
Scientific Instrument Company. 

The measurement of the chemical effect of total daylight 
is made in this instrument according to Roscoe’s method by 
exposing a piece of sensitized paper to the light for known 
intervals of time at each hour. To effect this the piece 
of sensitized paper is fixed round a drum. This drum 
can turn on a horizontal axis, and the frame which 
supports it can slide horizontally. A piece of thin sheet brass 
is fixed over the drum and a hole is cut through it. It is so 
arranged that it presses down lightly on the top of the drum, 
thus a small piece of the sensitized paper is always exposed 
to the daylight, and the rest of the paper is in total darkness. 
Thus by the horizontal movement of the frame and the turning 
of the drum every part of the sensitized paper can be brought 
under the hole. We will suppose the instrument to be work- 
ing. The frame which supports the drum has a slow and 
continuous movement in a horizontal direction. Between the 
hours the drum does not turn, and it only moves slightly in a 
horizontal direction. At the hour the drum turns suddenly for 
a small part of a revolution, thus exposing a fresh piece of 
paper under the hole. After 2 seconds it again turns suddenly 
as before, exposing that piece of paper for 2 seconds. Similarly 
fresh pieces of paper are exposed for 2, 4, 6, 10, 20, 40, 90 
seconds, and after this the drum does not rotate again till the 
next hour, when a similar set of movements takes place. 
Hence, between the hours there is a piece of paper exposed for 
57 minutes, and which is useless on account of the long ex- 
posure. Owing to the horizontal movement of the drum a 
fresh piece of paper is exposed when one complete revolution 
of the drum has taken place. 
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The mechanism by which this movement is effected is as 
follows : 

To the barrel of a clock (i.e., the barrel round which the gut 
from the weight is coiled and which drives the clock) a pinion 
is fixed. This pinion gears into a tooth-wheel, and on the 
arbor of this wheel a small barrel is fixed. When the clock 
is wound up this small barrel turns, and in so doing winds a 
piece of chain on it, and as the weight of the clock goes down 
this small drum turns slowly in the opposite direction, and the 
chain is slowly unwound from it. The other end of this chain 
is fixed to the frame which supports the drum, and which can 
slide horizontally. Thus if the chain is always kept taut, the 
drum will slowly move horizontally in one direction as the clock 
goes, and when the clock is wound up it will be pulled back 
into its original position. This chain is kept taut by a piece 
of gut, which is fastened to the other end of the frame, and 
thence passes over a pulley and. is attached to a weight. The 
horizontal movement of the drum is thus given, and it only 
remains to explain the arrangement for the rotatory move- 
ment. 

See Fig. 25. A is an arbor which has a tendency to turn in 
the direction of the arrow. The mechanism for doing this is 
not shown in the sketch, but is arranged thus : On the arbor 
is a pinion into which a wheel gears ; this wheel is made to 
turn by means of a weight attached to a string which is wound 
round a small barrel fixed to the same arbor as the wheel. 
B is a ratchet-wheel, which is not fixed to the arbor A, but 
turns freely on it in the direction of the arrow once in 3 minutes, 
by being geared to a wheel on the scape-wheel arbor of the 
clock. This gearing is not shown, in order not to complicate 
the sketch. An arm c is fixed to the arbor A. D is a pin 
fixed to the end of this arm, on this pin a piece E can turn, 
a pin F projects from the side of the piece E, and is so arranged 
that it can engage in the teeth of the ratchet-wheel B. A 
spring G tends to turn the piece E, so that if not prevented the 
pin F will be forced down between the teeth of the ratchet- 
wheel. We have seen that the arbor A tends to turn and carry 
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the arm c with it ; in the position shown in the sketch this 
turning is prevented by the hooked end H of the lever i-i k, this 
hook catches in the end of the piece E, and as the other end of 
this piece comes against a stop L the arm C is held in the posi- 
tion shown in the sketch, this stop is fixed to the arm c and 
projects from its side. In this position the pin f does not 
engage in the teeth of the ratchet-wheel b. The weight tending 
to turn the arbor A will keep the arm in this position. At 
the hour the hook H is raised, thus releasing the piece E, the 
spring g will then turn the piece E, so that the pin F will 
engage in the teeth of the ratchet-wheel. We have seen that 




the ratchet-wheel is always turning at the rate of one turn 
in 3 minutes, and as the arbor A tends to turn in the same 
direction it will now turn at the same rate. Before the arm 
C has time to get round again to its original position the hook 
H has come down again, and thus the outer end of the piece 
E will hit against it, but the arm will go on for a short time 
till the other end of the piece E comes against the stop L. 
This movement throws the pin F out of gear with the ratchet- 
wheel and again holds the arbor A. Thus at each hour the 
arbor A takes one complete revolution in 3 minutes, and then 
remains at rest till the next hour, and so on. The manner in 
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•which this regulates the turning of the drum will be explained 
further on. The lever H k can turn about its centre, and its 
end K rests on the edge of the disc M. This disc turns once 
an hour, and has a nick cut in its edge so that at the hour 
the end K falls into the nick and thus the end H is raised. 
The slanting side of the nick again raises K, and so lowers H 
before the end of the 3 minutes, at the end of which time the 
arm c returns to its original position ; the disc M is divided 
into 60 divisions, and can be set like the hands of a clock, i.e. 
it can turn with a stiff joint on the hour arbor ; thus it can 
be set so that the nick will come uppermost exactly at each 
hour. 




In Fig. 26, A represents the same arbor as A in Fig. 25, but 
a separate sketch is given in order to make them more clear. 
A disc B is fixed to the arbor. Thus at each hour this disc 
makes one complete revolution in three minutes. On the axis 
of the drum to which the paper is fixed, there is a small barrel, 
round which a cord is wound and a weight attached to the 
cord. Thus the drum tends to turn. This barrel is connected 
by a train of wheels with the arbor c D, which thus also tends 
to turn. For one turn of this arbor the drum turns through 
the right amount to expose a fresh piece of paper. Fixed to 
this arbor is a small arm c E. The point of this arm is made 



62 



SPECTRUM ANALYSIS. 



[TjECT. I. 



small, and rests against the side of the disc. At varying in- 
tervals round the disc nicks b b are cut through its edge. The 
point of the arm C E is made so as to pass through these nicks. 
During the hour this point rests against the side of the disc 
between two nicks. When at the hour this disc turns, every 
time a nick comes opposite the point of tlxe arm, the arbor c D 
gives one turn, and thus the drum turns through a fraction of 
a revolution, and a fresh piece of paper is exposed. This disc 
turns with jerks at each second as the clock ticks ; the point 
E passes through a nick during one of these jerks while the 
disc is moving comparatively quickly. Thus the intermittent 
movement of the drum takes place with considerable accuracy. 
Any required lengths of exposure can he given by putting the 
nicks in the corresponding places. The nicks are cut diagonally 
across the edge of the disc. This is done in order to prevent 
the possibility of the points E coming round so quickly as to 
pass through the same nick twice. 

The accompanying sketches must be taken merely as 
diagrams to show the principle of the mechanism. 

The above instrument is analogous in principle to that 
described by Professor Eoscoe in the Philosophical Trans- 
actions for 1874, a modified form of which has now been 
continuously at work at South Kensington for several months. 

Mr. Horace Darwin’s arrangement is in several particulars 
superior to the original form of the actinometer, and especially 
in requiring a smaller quantity of the sensitized paper. It has 
been tested by Prof. Eoscoe and found to work perfectly. The 
instrument is now set up at South Kensington, and gives regular 
and reliable results. 

A special reading-off apparatus has been designed by Captain 
Abney, which greatly facilitates the readings, and renders the 
daily operations as simple and rapid as possible. 
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SPECTRA OF THE METALS OF THE ALKALIES & ALKALINE EARTHS. 

From the Drawings of Bunsex & Kirchhoff. IVith Scale of Wave-Lengths added. 
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LECTURE II. 



Continuous Spectrum of Incandescent Solids. --Effect of Increase of Heat. 
— Broken Spectrum of glowing Gas. — Application to Chemical Analysis. 
— Spectra of the Elementary Bodies. — Construction of Spectroscopes. — 
Means of obtaining Substances in the state of glowing Gas. — Examina- 
tion of the Spectra of Coloured Flames. — Mapping Spectra, according 
to Bunsen.' — Delicacy of the Spectrum Analytical Method and its 
application to Physiological Eesearcli. — Spectra of the Metals of the 
Alkalis and 1 Alkaline Earths. — Historical Sketch. — Discovery of New 
Elements by means of Spectrum Analysis. — Caesium, Rubidium, 
Thallium, Indium, Gallium. 

Appendix A. — Description of the Spectrum Reactions of the Salts of the 
Alkalies and Alkaline Earths. 

Appendix B. — Bunsen and Kirchhoff on the Mode of using a Spectroscope. 
Appendix C. — Bunsen on a Method of mapping Spectra. 

Appendix D. — Spectrum Reactions of the Rubidium and Caesium Com- 
pounds. 

Appendix E. — Contributions towards the History of Spectrum Analysis by 
G. Kirchhoff. 

In the last lecture I pointed out to you some of the chief 
properties of the light with which we are now, I am glad to 
say, illumined — the light of the sun. I explained that the 
white sunlight can be divided up into a large number of differ- 
ent coloured rays by means of the prism ; that these differently 
refrangible rays possess different properties ; that we find the 
heating rays chiefly situated at the red end, or in the least 
refrangible part. I showed that we could separate out by cer- 
tain means the light rays from the less refrangible ultra-red 
rays, and obtain at the dark focus of these rays the phenomena 
of incandescence and of combustion, showing that these rays 
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which do not affect the eye, are capable when brought together 
of producing ignition. We also saw that at and beyond the 
other end, the blue end, of the spectrum we have rays which 
have especially the power of effecting the decomposition of 
ordinary silver salts such as are commonly used in photography, 
though we must bear in mind that chemical compounds exist 
which can be decomposed by the green, yellow, and red rays, 
and that, therefore, the chemical rays, as distinguished from 
those which affect the eye or from those which produce heat, 
cannot be said to exist. 

We proceed to-day in the examination of the action of heat 
upon terrestrial matter in so far as it evolves light. The ques- 
tion may very properly be asked, “ What has all this to do with 
chemical analysis ? ” It might be said, “ It is true you have 
pointed out the difference between the various parts of the 
solar spectrum ; but how is this connected with the analysis 
which we expect to be told about — with the method by means 
of which chemical substances may be detected or examined 
with a degree of accuracy beyond anything that has hitherto 
been attained ? ” In order to enable you to answer this ques- 
tion, let us begin by examining the action of heat upon ter- 
restrial matter, and, in the first place, upon solid bodies. I have 
here the means of heating a long piece of platinum wire, first 
of all to redness, and by diminishing its length I shall be able 
to increase the temperature of the wire gradually until I raise 
it to the melting point of platinum. The first thing we observe 
when a solid body, such as this wire, is heated, is that it be- 
comes red-hot ; and that as we increase the temperature, the 
light which it gives off increases in refrangibility, so that it 
ends by emitting light of every degree of refrangibility. I cannot 
show you on the screen the spectrum which this heated wire 
yields, simply because the intensity of light which it emits is 
insufficient for the purpose; but if I were to allow the light to 
fall into my eye through a prism, I should see that the red rays 
become first visible, and that then a gradual increase in the 
refrangibility of the light occurs, and that successively yellow, 
green, blue, and violet rays will be emitted as the temperature 



lect. ii.] INCANDESCENT SOLIDS. 65 

is increased up to a white heat, when all the rays of light are 
given off. 

I will endeavour to render this fact visible to you in a rougher 
way by heating the wire gradually up to whiteness, and allow- 
ing the light to pass through these coloured glasses placed 
between you and the wire. At first, when it is red-hot, the 
glowing wire will be visible only through the red glass, none of 
the rays being able to pass through the blue glass ; or, in other- 
words, there is no blue light given off : when the temperature 
is increased, blue rays begin to be given off, and these can pass 
through the blue glass, as you now plainly see when I raise the 
temperature of the wire. Here I can increase the temperature 
of the wire until we get at a point at which I have no doubt 
you will be able to see that the blue rays are emitted ; and if 
I continue this and go on until the wire becomes intensely 
white-hot, you will see it through this blue glass, perfectly well. 

Such then is the action of increased temperature upon solid 
bodies. If I had taken any other substance which I could have 
heated in the same way, I should have produced the same effect : 
for it has been found that all solid and liquid substances act in 
this same way with regard to increase of heat ; they all begin 
to be visibly hot at the same temperature, and the spectrum 
thus produced is in every case a continuous one. 1 I may remind 
you that this is the case by again throwing on the screen the 
spectrum of the white-hot carbon points heated in the electric 
arc. Here we have this grand continuous band of light. The 
arrangements for producing this are simple enough. We re- 
quire to connect the terminal wires from about sixty pairs of 
Grove’s or Bunsen’s cells with the carbon electrodes of a 
Duboscq’s lamp (e, Fig. 27) contained inside this lantern. The 
light passes through a narrow vertical slit (s), and by means of 
the moveable lens (c) a distinct image of the slit it thrown upon 
the screen (w w). A hollow prism filled with bisulphide of 
carbon (pj is now introduced at the distance of about two feet 

1 This law was discovered by , Draper (Phil. Mag. 1847). The only known 
exception to this law is glowing solid Erbia, whose spectrum exhibits bright 
lines ; see Appendix E to Lecture IV. 
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from the lens ; next the lamp, with the arm carrying lens and 
prism, is turned round until the coloured band falls upon the 
screen, and the prism then adjusted to the angle of minimum 
deviation for the yellow rays. A second prism (p 2 ) is then 
interposed, and the lamp and arm again turned so as to allow 
the lengthened spectrum to fall on the screen. A drawing of 
lamp, lens, and prisms, thus placed, is shown in Fig. 28. 

How does the case stand with respect to that important form 
of matter termed the gaseous ? Do gases when they become in- 
candescent all emit the same kind of light, like solids, or does 



£ 




each chemically different gas emit a characteristic and peculiar 
kind of light ? I purpose now to show you that every different 
chemical element in the state of gas, when heated until it be- 
comes luminous, gives off a peculiar light, so that the spectrum 
of every element in the state of glowing gas is totally different 
from that of any solid body, inasmuch as, instead of giving 
a continuous spectrum, it presents a broken or discontinuous 
one containing bright bands or lines, indicative of the presence 
of the particular elementary gas in question. 1 I will illustrate 

1 Under peculiar circumstances to be mentioned hereafter, certain dense incan- 
descent gases give continuous spectra. 
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this fundamental difference to you by means of the following 
experiment. It has long been known to chemists that certain 
substances have the power when brought into a colourless flame 
of producing peculiar tints. Thus, for instance, if we bring 



Fig. 2S. ' 

various bodies into the flame, such as the alkalis soda and 
potash, we observe that the flame becomes coloured in the first 
case of a bright yellow, and in the second of a pale violet tint ; 
whilst the salts of strontium colour the flame crimson, and those 
of barium produce a green tint, and calcium compounds impart 
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a red colour to the flame. Here we have the beautiful non- 
luminous gas-flame produced by the combustion of coal gas 
mixed with air. in what we know as the Bunsen burner. The 
air and gas mix in the chimney, the gas issuing from a jet at 
the centre of the foot, and the air entering by holes at the side ; 
the mixture burns with a light blue flame, which we can tinge 
with the peculiar colours of the alkalis by bringing a small 
fused bead of salt into the outer mantle of the flame on the 
loop of thin platinum wire (Fig. 29). Here is another sub- 
stance called lithium ; if we bring the slightest trace of this 




Fig. 29. 

lithium salt into the flame, you perceive the magnificent 
crimson tint which it at once imparts to the flame : whilst in 
these other burners we see the colours due to the salts of 
potassium, calcium, strontium, and barium. 

A most important observation has now to be made, namely, 
that all the salts of sodium give off this yellow light when 
brought into the flame ; so, too, all the lithium compounds tint 
the flame crimson ; and this property of emitting a peculiar 
kind of light is one of the means by which the presence of 
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these various chemical substances can be detected. Here I will 
produce a peculiar blue flame by a substance which differs 
entirely from the foregoing in properties, viz. the non -metallic 
element selenium : it is a very volatile substance, and the blue 
flame lasts only for a short time. In these other flames we see 
the characteristic green colours communicated to flame by salts 
of copper and boracic acid. 

I will next show you the same tiling in other ways ; for 
instance, I can here produce a much larger flame, and show 
you the colour of the same salts. I have a large gas burner 
which, when urged by this blowpipe, gives us a colourless flame 
three feet long. If I hold in this flame pieces of pumice-stone 
moistened with solutions of the chlorides of sodium, potassium^ 
lithium, barium, strontium, and calcium, the colours imparted 
by these substances will be rendered evident. Again, I have 
another illustration in these gun-papers, which have been 
soaked in solutions of the chlorates of these metals and then 
dried. The combustion is rather quick, but by reflection on 
the white screen their peculiar colours come out well. Here 
you have the violet potash tint ; here the bright green colour 
characteristic of the barium compounds. The common fire- 
works of the stage are further illustrations of the peculiar 
colours produced by certain chemical substances. I may imitate 
the red fire by igniting some chlorate of strontium in coal gas ; 
we must melt the salt and then plunge it into the jar of burn- 
ing coal gas, when we get this splendid combustion of oxygen 
in coal gas coloured crimson by the ignited vapour of 
strontium salt. 

We have already seen that the quality of the light emitted 
by solid bodies varies with difference of temperature. The 
quality of the light emitted by gaseous bodies, however, with 
certain exceptions — about which I shall have to speak sub- 
sequently — does not vary under change of temperature. Here 
I have the means of igniting some sodium salt at various tem- 
peratures. There, in the first place, is the bluish flame of 
burning sulphur, one of the coldest flames we can obtain, the 
temperature being about 1,820° Centigrade ; then I next ignite 
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the flame of burning carbon disulphide, having a temperature 
of 2,229° C. Here we see the flame of coal gas burning mixed 
with air : if I cut off the air, we get the common luminous 
flame of coal gas ; but if I allow the air to mix with it before 
it burns, then we have this beautiful non-luminous flame. The 
temperature of this flame has been calculated to be 2,350° C 
Here I have another jet from which the blue flame of carbonic 
oxide gas (the body which produces the blue lambent flame 
frequently seen in coal fires) is seen burning in oxygen : the 
temperature of this flame is somewhat higher, and has been 
found to be over 3,000°. If I bring a little common salt 
(sodium chloride) into these flames, you observe that in all 
cases we get them coloured yellow. I have here the beautiful 
purple flame of cyanogen gas, which possesses a temperature 
of 3,300° C., and you see, when we bring the sodium salt 
into it, we have the same yellow colour produced : in other- 
words, we cannot get sodium vapour either red-hot or blue-hot, 
it always remains yellow-hot ; that is to say, the first moment 
that the sodium vapour becomes luminous, it gives off this 
particular and peculiar yellow light, and if we heat it more, the 
effect is not to alter the refrangibility of the rays, but merely 
to increase their intensity. 

Thus we see that when a body becomes gaseous, the light 
which it gives off is of a particular kind, and does not undergo any 
gradual alteration when we increase the temjrerature. Another 
experiment may indicate this to you still more clearly, and this I 
can make by means of the electric spark, ^hich I have here the 
means of producing. The temperature of this electric spark is 
so high that it has never been measured, but it is certainly 
very much higher even than the temperature of any of the flames 
which we have just now used. Still, if I bring this piece of 
sodium salt into the electric spark, I find that the same thing 
occurs — I get the same yellow-coloured light ; and if I take some 
other substance, such as lithium, and bring a small trace of this 
substance first into the different flames and then into the electric 
spark, the permanent red colour which lithium vapour gives off 
will in each case be clearly seen. 
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Now the methods by means of which we can obtain bodies in 
the state of luminous gas vary with the nature of the substance ; 
but I would beg you to understand that the property which we 
have noticed with regard to sodium and the other alkalis is not 
confined to those bodies which have the power of being volatilized 
in such a flame as I have burning before me. This property 
belongs to matter in general;, it belongs to every chemical ele- 
ment ; and if we can by any method get the vapour of a chemical 
element so hot as to become luminous, we find that the light 
emitted by it is peculiar to itself, and is distinctive of that special 
body, whether under the ordinary circumstances the element be 
gaseous, solid, or liquid. Hence you see that we have at last 
reached the principles upon which the science of spectrum 
analysis is based, by means of which we can detect the presence 
of any of the elementary bodies when they can be obtained in 
this state of glowing gas. 

We must now pass on to the consideration of the various 
methods by which the elements can be obtained as luminous 
gases. I purpose to confine our attention in this lecture to the 
method by which we can detect the presence of the metals of 
the alkalis and alkaline earths. Let me, however, first point 
out to you the kind of spectrum which we obtain when we look 
at any one of these variously-coloured flames through a prism or 
spectroscope, the construction of which we will now briefly 
consider. 

The simplest form of spectroscope which Bunsen adopted in 
his first experiments is represented in Fig. 30. It consists of a 
common hollow prism (f) placed in a box ; a telescope (c) is fixed 
at one side of the box, and a slit is placed at one end of a tube 
having a lens at the other end, in order to obtain a pure 
spectrum, and to render the rays parallel ; this is called a colli- 
mator. This collimator (b), the employment of which was first 
proposed by Professor Swan of St. Andrews so long ago as 1856, 
is fixed at the other side of the box. The substance to be ex- 
amined is placed in the non-luminous Bunsen’s flame, and the 
light passing through the slit falls upon the prism, and having- 
been split up into its constituent parts, the differently coloured 
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rays pass through this telescope, are magnified, and then fall 
upon the retina. In Fig. 31 we have the more perfect form of 




Fig. 30. 



the instrument represented, as made by Steinheil of Munich. 1 
With this we are enabled to use two flames, and the apparatus 




Fig. 31. 



is so arranged that we can see the two spectra placed one above 
the other. The rays from one of the flames pass direct through 

1 This instrument consists of a prism (a) fixed upon a firm iron stand, and a 
tube (b) carrying the slit (cl), seen on an enlarged scale in Fig. 32a, through 
which the rays from the coloured flames (e and 6) fall upon the prism, being 
rendered parallel by passing through a lens. The light having been refracted, is 
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the upper part of the slit, whilst those (a) from the other flame, 
placed on one side, are reflected (by total internal reflexion) from 
the surface of the prism through the lower part of the slit in the 
direction indicated by Fig. 32. The object of this superposition 
of the spectra is evident : it is to enable us to see whether the 
substance under examination really is the body which it is 
supposed to be. For instance, putting a small quantity of the 
substance we know to contain sodium in this flame, we place a 
substance supposed to contain sodium in the other flame, and 
then by means of a small reflecting prism placed on the end of 
the slit, we have the spectra of these two flames sent into the 
telescope one above the other, so that we see at the same time 
the spectrum of the pure sodium and the spectrum supposed to 
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be that of sodium ; and we can readily observe whether the lines 
coincide. If they coincide, and the two spectra have these lines 
exactly continuous one below the other, then we are quite 
certain that sodium, or any other substance which we may have 
been investigating, is present. Another arrangement for facili- 
tating the comparison of spectra consists in the illuminated 
millimetre scale contained in the tube g (Fig. 31), a magnified 
reflexion of which is thrown into the telescope from the surface 
of the prism. The illuminated scale is thus seen between the 



received by the telescope (/), and the image magnified before reaching the eye. 
The rays from each flame are made to pass into the telescope (/) ; one set through 
the upper uncovered half of the slit, the other by reflection from the sides of the 
small prism ( c ), Figs. 32, 32a, through the lower half ; thus bringing the two 
spectra into the field of view at once, so as to be able to make any wished for 
comparison of the lines. The small luminous gas flame (h), Fig. 31, is placed so 
as to illuminate a fixed scale contained inside the tube ( g ) : this is reflected from 
the surface of the prism (a) info the telescope, and serves as a means of measuring 
the position of the lines. 
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two superimposed spectra, and the position of any line or lines 
can be accurately determined. The further arrangements — 
mechanical and optical — of these instruments I need hardly 
trouble you with in detail. I have here a variety of spectro- 
scopes kindly lent to me by a maker, Mr. Browning ; one with 
one, one with two, one with three, and one with four prisms. 
The more prisms we employ, of course the greater dispersion we 
get, the more is the light drawn out into its special varieties, and 
the greater also is the intensity of the light which it is necessary 
to employ in order to get the rays to pass through this greater 
number of prisms. 




Fig. 33. 



I will next show you a drawing of the actual arrangement 
used by Kirchhoff (Fig. 83). There you see the prisms 
employed, four in number, placed one behind another on a 
horizontal table of cast iron. The light passes through the slit 
at the end of this tube. Here (top of Fig. 33) is an enlarged 
representation of the slit, the breadth of which can be altered at 
pleasure by means of the screw; on this slit is placed a small 
reflecting prism to enable us to get two superposed spectra. The 



LECT. II.] 



KIRCHIIOFF'S SPECTROSCOPE. 



75 



light passes through the fine vertical slit, the rays are rendered 
parallel by the lens fixed at end of the tube (a) ; it then passes 
through these four prisms, and the rays thus split up into 
constituent parts fall on to the telescope (b), at the end of which 
the eye is placed. This, then, gives you the simplest, and 
at the same time the most delicate and complete form of 
spectroscope. 

We have here representations as truly painted as possible 
(see Frontispiece) of what is seen when we allow a light 
from such coloured flames as those which have been burn- 
ing to fall on to the retina through a spectroscope properly 
arranged. 

At the top of the diagram (No. 1) is a drawing showing a 
solar spectrum, and underneath we have the spectra of the 
alkalis and alkaline earths, potassium (No. 2), sodium (No. 7), 
and lithium (No. 8), calcium (No. 9), strontium (No. 10), and 
barium (No. 11), together with the two new metals, rubidium 
and caesium (Nos. 3 and 4), discovered by Bunsen, about which I 
shall afterwards speak ; also the spectra of thallium and indium 
(Nos. 5 and 6), two other new metals, the first of which was 
lately discovered by our countryman Mr. Crookes, and the 
second by two German chemists, Messrs. Keich and Bichter. 
You will perceive in the first place that each of these spectra is 
different from the others, although they all possess the common 
characteristic of containing bright lines or bands, which occur in 
various portions of the spectrum and indicate the peculiar kind 
of light which these various bodies, when brought into a state of 
glowing gas, emit. The sodium flame, when observed by means 
of the spectroscope exhibits only one bright double yellow line 
together with a faint continuous spectrum ; in other words, this 
light is monochromatic, or nearly so : almost all the light which 
glowing sodium vapour gives off is light of one degree of 
refrangibility, and the spectrum is confined to one very narrow 
yellow band. The red light, which we saw was due to the 
presence of lithium, when seen through a prism gives this 
beautiful red line, together with this paler orange line. I need 
not describe the more complicated spectra of strontium, calcium, 



76 



SPECTRUM ANALYSIS. 



[lect. II. 



and barium : suffice it to say that each yields peculiar bright 
bands, perfectly characteristic of the metal in question, as is 
seen at once by reference to the drawings. 1 

For the purpose of enabling an observer unacquainted with 
the spectra to identify with certainty the presence of any of the 
foregoing metals by means of their bright lines, and to lay down 
their positions in his own instrument, the following method of 
mapping the spectra has been devised by Bunsen. The milli- 
metre scales (Fig. 34) represent the illuminated divisions seen 
with the scale of the spectroscope (g, Fig. 31) : the exact 
position of the bright lines in any spectrum is shown by the 
black marks below the divisions ; whilst their breadth, intensity, 
and gradation are indicated by the breadth, depth, and contour 
of these blackened surfaces. When the spectrum contains a 
continuous portion of light, this is shown by a continuous black 
band above the divisions. The positions of the fixed solar lines 
are given on the first horizontal scale, and those of the most 
prominent bands in several of the elements are placed as 
fiducial points at the bottom of the map. 2 

Having thus made ourselves acquainted with this new mode 
of chemical analysis, we may ask, “ What improvement is 
this upon our ordinary chemical methods ? What benefit is 
it to us that barium gives us these peculiar bands, that strontium 
yields certain different bands, that calcium produces others 
again ? We know already that the chemical reactions of these 
bodies are very different, and we can detect these substances by 
ordinary chemical analysis.” The answer to this is, that the new 
method is far more delicate than anything which we have 
hitherto employed, so delicate indeed as almost to pass belief, 
so that we have hereby obtained a means of examining the 
composition of terrestrial matter with a degree of exactitude 
hitherto unknown. 

I will try to give you some idea of the delicacy of these 
spectrum reactions. I can show that the reaction for sodium is 
so sensitive that we can detect the presence of this element 

1 For the special description of -these spectra see Appendix A, p. 94. 

2 For further information see Appendix C, p. 106. 
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Fig. 34. 
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everywhere. There is not a speck of dust or a mote seen 
dancing in the sunbeam which does not contain chloride of 
sodium. Sodium is a prevailing element in the atmosphere ; we 
are constantly breathing in portions of the compound of this 
elementary substance together with the air which we inhale. 
Two-thirds of the earth’s surface is covered with salt water, and 
the fine spray which is continually being carried up into the air 
by the dashing of the waves evaporates, leaving the minute 
specks of salt which we see dancing as motes in the sunbeam. 
If I clap my hands, or if I shake my coat, or if I knock this 
dusty book, I think you will observe that this flame becomes 
yellow, and this not because it is the hand or coat of a chemist, 
but simply because the dust which everybody carries about with 
him is mixed with sodium compounds. When I place in the 
colourless flame this piece of platinum wire, which has been 
lying on the table for a few minutes since I heated it red-hot, 
you see there is sodium in it ; there, we have for one moment a 
glimpse of a yellow flame. If I heat the wire in the flame, the 
sodium salts will all volatilize, and the yellow tinge will quite 
disappear ; but if I now draw the wire once through my fingers, 
you observe the sodium flame will on heating the wire again 
appear. If I draw it through my mouth and heat it again, it 
will be evident that the saliva contains a very considerable 
quantity of sodium salts. Let me leave the wire exposed here, 
tied round this rod, so that the end does not touch anything, for 
ten minutes or a quarter of an hour ; I shall then obtain the 
sodium reaction again, even if the wire be now perfectly clean. 
This is because sodium salts pervade the atmosphere, and some 
particles of sodium dust flying about in the air of the room 
settle on the wire, and show their presence in the flame. 

In the short historical sketch of the subject which I hope 
presently to lay before you, we shall see that this constant 
reaction of sodium puzzled the old observers very much. They 
thought this reaction must be due to the presence of water, for 
there was no other substance which was so widely diffused ; 
and it is only recently that this yellow reaction has been 
recognised as being due to this metal, sodium. 
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To refer for a moment to the distribution of lithium com- 
pounds : we must remember that this substance, giving the 
beautiful red flame which you saw just now and the spectrum 
exhibiting the one bright red line, was until lately only known 
to exist in three or in four comparatively rare minerals. The 
moment, however, we come to examine substances by the 
method of spectrum analysis, we find that the brilliant red line, 
which is characteristic of the presence of lithium, occurs very 
frequently. And why, then, was not the red flame noticed 
before ? Because when the light was examined by means of the 
eye alone, its red colour was masked by the presence of 
sodium salts, and other substances affecting the flame, so that the 
red tint produced by the small quantity of lithium was unseen. 
But when we examine the flame with the prism, then all these 
lines range themselves into due order, no one interfering with 
the other. The presence of lithium may be thus easily detected, 
though it may be mixed with ten thousand times its bulk of 
sodium compounds, because, as you see by reference to this chart, 
the sodium line occurs in a different position to the lithium 
line, according to the differences in their refrangibilities. We 
now learn that this substance supposed to be so rare is found to be 
most widely distributed— not, it is true, in very large quantities, 
but still that it is one of the most widely diffused of the ele- 
mentary bodies. Lithium not only occurs in very many minerals, 
but also in the juice of plants, in the ashes of the grape, in tea, 
coffee, and even in milk ; in human blood, and in muscular 
tissue. It has also been found by Dr. Bence Jones in many 
varieties of fruit and vegetables, in all the different kinds of 
wine, in ale and porter, and in bread. So who can tell what 
part this hitherto rare substance may not play even in the 
animal economy ? It has been also found in meteoric stones, in 
the water of the Atlantic Ocean, as well as in that of most 
mineral springs and many rivers. It is present in the ashes of 
tobacco, and, if we hold the end of a cigar in the colourless 
flame, we may always notice the red lithium line when the 
light is examined with a spectroscope. Dr. W. Allen Miller 
found lithium in very large quantities in the water of a spring 
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in the Wheal Clifford Mine in Cornwall. 1 This water contains 
26 grains of lithium chloride in one gallon, and the spring flows 
at such a rate as to pour forth 800 lbs. of this salt every twenty- 
four hours ! 

Here, at the risk of some repetition, I may refer you to a 
diagram indicating concisely some of the most striking dis- 
coveries, and at the same time showing the great delicacy of the 
methods of spectrum analysis : — 

1. Sodium, -go-otyooiy P art a milligramme, or isoutioooir P art 
of a grain, of soda can easily be detected. Soda is always 
present in the air. All bodies exposed to the air show, when 
heated, the yellow soda line. 

2. Lithium. tooVo o' part of a milligramme, or ^ omooe part 
of a grain, can easily be detected. Lithium was formerly only 
known to exist in four minerals : it is now found by spectrum 
analysis to be one of the most widely distributed elements. It 
exists in almost all rocks, in sea and river (Thames) water, in the 
ashes of most plants, in milk, human blood, and muscular tissue. 

3. Strontium, to o 6 o w °f a milligramme, or Toirihio u of a grain 
of strontia is easily detected. Strontia has been shown to exist 
in very many limestones of different geological ages. 

4. Galcmm. xwowoo °f a milligramme, or yinrihjw °f a grain, 
of lime can be easily detected. 

5. Caesium and Rubidium. These new alkaline metals were 
discovered by Bunsen in the mineral waters of Baden and Dtirk- 
heim. Forty tons of mineral water yielded 200 grains of the 
salts of the new metals. 

6. Thallium. A new metal discovered by Mr. Crookes in 1861 
distinguished by the splendid green line which its spectrum 
exhibits. It is found in iron pyrites, and resembles lead in 
its properties. 

7. Indium. Discovered in zinc blende by Professors Reich and 
Richter in 1864 : found in very minute quantities. It is dis- 
tinguished by one blue and one indigo coloured band seen in its 
spectrum. 

8. Gallium. Discovered in blende from the Pyrenees by M. 

1 Cliem. News, x. 181. 
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Lecoq de Boisbaudran in 1875. Its spectrum consists of two 
bright violet lines which are best seen in the electric spark 
spectrum. 

I will now endeavour to illustrate, by means of the electric lamp, 
the fact that all these bodies give off coloured lights, and that 
each of these coloured lights is of a peculiar kind ; and I would 
wish first to show you that when we bring a small fraction of a 
grain of common salt, chloride of sodium, on to the lower carbon 
of the lamp, we obtain a distinct yellow band which was not seen 
before, for previously, you will remember, we had a perfectly 
continuous spectrum. This yellow band is due to the presence 
of sodium. You will probably see that there are other bands 
present as well as the sodium band, because it is impossible 
to obtain any carbon which is perfectly free from other chemical 
salts, and the minute amount of impurities which exist in the 
carbon comes out as evidence against us on the screen ; yet I 
think you will see that we have the sodium line more distinctly 
visible than anything else. 

No other metal but sodium gives this yellow band ; still I 
must beg you to understand that this rough representation is 
not exactly that which you would see if you were to look at the 
yellow soda flame through a prism, by means of an accurate 
spectroscope. I would wish you to remember that this yellow 
line is in reality double when examined with a perfect optical 
arrangement, and that these lines are very fine, placed close to- 
gether, and become finer as the slit is narrowed. It is only be- 
cause the arrangements I have to employ here for the purpose of 
exhibiting these lines on the screen are, optically considered, very 
crude and rough, that we get any appreciable breadth of this line. 

Now allow me to show you the light which the substance 
lithium gives off. For this purpose I will bring a little lithium 
salt on the same carbon, for by taking a new one we should not 
gain much, because, as I have said, all these poles are more or less 
impure. Here you observe the red line, which was not notice- 
able before. This splendid red band is due to the presence of 
lithium ; and when we see it through an accurate instrument, 
it appears, like the sodium lines, as fine as the finest slit of 

G 
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light which we can take. This bright red line is always found 
exactly in the same position • and the fixity of these lines is in 
fact the most important principle involved in our inquiry : they 
are unalterable in refrangibility. 

I have next to direct your attention to the blue line which is 
now visible on my right. This is also caused by lithium, for 
when we heat up lithium vapour beyond a certain point, as high 
as I am now doing with the electric lamp, this blue band also 
becomes visible ; but it is not visible when the temperature of 
the incandescent lithium vapour is lower. The blue ray may 
perhaps always be given off, even at lower temperatures ; 
for if light requires to be of a certain intensity before it can 
affect the retina and become visible, and if, in order that the in- 
tensity of the light may thus increase we must heat the vapour 
to a higher point, we have a complete explanation of the 
appearance of the blue line. It is important to notice that the 
positions of the red and of the orange lines seen at the lower 
temperature never shift or change the least when the temperature 
is changed. Hence the appearance of this red line is proof 
positive of the presence of lithium. In this lithium spectrum 
you will also notice the sodium line. We can never get rid of 
our friend sodium, he always remains steadfast to us ; in fact, Ave 
should be sometimes glad to dispense with his presence, but it is 
not an easy matter to induce him to leave us. 

As an interesting application of spectrum analysis, we must 
not forget the examination of the rate of circulation of the blood 
in the animal body lately made by Dr. Bence Jones and Dr. 
Dupre, by means of observations of the red lithium line. 
Experiments made upon animals showed that when any 
lithium salt is taken in with the food, this metal can be detected 
very shortly afterwards in the most distant parts of the body, even 
where no circulation of blood exists, as for instance in the lens 
of the eye, proving the extraordinary rapidity with which the 
chemical circulation in the body goes on. Thus twenty-four 
minutes after injecting three grains of lithium salt under the skin 
of a guinea-pig the lithium was found to be present in the lens 
and in every part of the body, it only being necessary to burn a 
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portion of tlie animal tissue in a colourless flame in order to see 
the bright red line of lithium; ten minutes after the injection 
lithium was found in small quantities in the lens but plentifully 
everywhere else; whilst four minutes after the injection the 
lithium was not found in the lens but plentifully in the aqueous 
humour of the eye, and in the bile. 

The same rapid diffusion of the lithium salts was shown 
to exist in the human body ; thus, for example, the lenses of 
several persons who had been operated upon for cataract were 
examined, the patients having previously partaken of lithia water. 
It was thus seen that in the human body 20 grains of carbonate 
of lithium will in three and a half hours penetrate through every 
part of the body, and be capable of detection in each particle of 
the lens. The rate of passage of salts out of the body can likewise 
be satisfactorily examined by the spectroscope, and thus spectrum 
analysis may be made materially to aid the physiologist in his 
researches into the chemistry and physics of the body. 

I shall next show you the spectra of metals of the alkaline 
earths. I will first bring a small quantity of strontium salt onto 
the pole, and we find that the strontium spectrum is characterized 
by a series of red lines, and also by a beautiful blue band almost 
identical, but not exactly so, with the blue line of lithium which 
I had the pleasure of showing you an instant ago. What a large 
number of bands we have here, especially in the red ! Those red 
and blue bands are the ones to which I beg to draw your 
attention. These red lines now come out very distinctly ; and 
we have here also the strong blue line flashing out brightly. 
This then is the strontium spectrum. In like manner I may show 
you the beautiful and characteristic spectrum of barium, with its 
five green bands ; and that of calcium, exhibiting special orange 
and green lines together with a purple band in the more 
refrangible part of the spectrum. 

Now let us suppose that we have a mixture of compounds of all 
the above substances which are capable of being volatilized, namely 
potassium, sodium, lithium, barium, strontium, and calcium, and 
let us expose this mixture to such a temperature that all the 
salts become volatilized, one after another ; we shall see, in the 
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first place, that the bands of those substances which are the most 
volatile appear first ; that then, when these have burnt out, 
those next in order of volatility make their appearance ; and that 
those which are the least volatile come out last. Thus we have 
the beautiful appearance of what may be called a natural 
dissolving view. 

I place on the carbon poles a mixture containing a few grains 

of salts of all the above-mentioned metals. You see in the first 

place that the sodium line comes out at once, and afterwards the 

lines of the other metals gradually make their appearance. We 

have thus simply to place the smallest fraction of a grain of such 

a mixture as this before the slit of our spectroscope, and with 

the merest trace of substance we can in a moment obtain absolute 

and decisive evidence of the presence of all these elements, the 

lines coming out, as I said, like a dissolving view, one after 

another; and the quantity vdiich we can thus detect is, we 

must remember, most minute. Here we have this splendid 

series of variegated bands, exhibiting the superposed spectra of 

all the substances I have mentioned. There you see the lithium 

red line ; here the less refrangible red line of potassium ; there 

the orange band of calcium and the red strontium bands : observe 
0 > 

if you please, the two blue bands, one due to strontium and the 
other to lithium. 

But although Bunsen and Kirchhoff are the real discoverers 
of this method, because they carried it out with all due scientific 
accuracy and placed it on the sure foundation upon which it 
now rests, yet we must not suppose that the ground was before 
their time absolutely untrodden. No great discovery is made all 
at once. There are always stepping-stones by which such a 
position is reached, and it is right to know what has been 
previously done, and to give such credit as is their due to the 
older observers. 

So long ago as 1752, Thomas Melville, while experimenting 
on certain coloured flames, observed the yellow soda flame, 
although he was unacquainted with its cause. In 1822 Brewster 
introduced his monochromatic lamp, in which the soda light 
is used ; the first idea, however, being due to Melville. A 



LECT. II.] 



HISTORICAL SKETCH. 



85 



simple experiment will prove to you the nature of this mono- 
chromatic soda light. I have here the means of producing 
a very intense soda flame, and I will throw the light on to 
this screen with different coloured letters. You w r ill observe that 
no colour is noticeable in these letters. They appear in various 
degrees of shade or intensity, but no difference of colour is 
visible, because the light falling upon them is of a pure yellow 
tint. Now, if I throw a small quantity of magnesium powder 
into the flame, you will at once notice how brightly the various 
colours come out. We have here white light containing rays 
of every degree of refrangibility ; hence the different colours are 
rendered visible, each being able to reflect its own peculiar rays. 

Sir John Herschel, in the year 1822, investigated the spectra 
of many coloured flames, especially of the strontium and copper 
chlorides, and of boracic acid, and he writes in 1827 as follows: 
“ The colours thus contributed by different objects to flame 
afford in many cases a ready and neat way of detecting 
extremely minute quantities of them.” 

Fox Talbot, whose name is so intimately associated with 
the origin of the beautiful art of photography, makes the 
following suggestions respecting these spectra. Writing 
in 1826, he says : “ The red fire of the theatres examined 
in the . same way gave a most beautiful spectrum, with 
many light lines or maxima of light. In the red these 
lines were more numerous, and crowded with dark spaces 
between them ” (these are the strontium lines which you see 
on the diagram), “ besides an exterior ray greatly separated 
from the rest, and probably the effect of the nitre in the 
composition” (this is really the red potassium line caused by 
the nitre). “ In the orange was one bright line, one in the 
yellow, three in the green, and several that were fainter.” 
The blue line which he mentions is the blue strontium line 
which we saw so plainly. “ The bright line in the yellow ” 
(our friend sodium) “ is caused without doubt by the com- 
bustion of sulphur.” Talbot got wrong there, like many of 
the early observers. They did not suppose that so minute a 
trace of sodium could produce that yellow light ; and even 
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Talbot says that the yellow line must be caused in certain 
cases by the presence of water. He continues : “If this 
opinion” (about the cause of formation of these lines) “should 
prove correct, and applicable to the other definite rays, a 
glance at the prismatic spectrum of a flame might show it to 
contain substances which it would otherwise require a laborious 
chemical analysis to detect.” We cannot even now express 
the opinion entertained at the present moment more concisely 
than Talbot did in the year 1826. These early observers did 
not, however, determine the exact nature of the substance 
producing the colour, inasmuch as the extreme sensitiveness' of 
this sodium reaction put them off the scent : they could not 
believe that sodium was present everywhere. 

Both Herschel and Brewster found that the same yellow light 
was obtained by setting fire to spirits of wine diluted with water, 
and Talbot also mentions cases in which no soda was, as he 
thought, present, and yet this yeliow line always made its 
appearance. Hence he says, “ The only matter which these 
substances have in common is water,” and he throws out 
the suggestion that this yellow line is produced by the presence 
of wnter. In February 1834 Talbot writes : “Lithia and strontia 
are two bodies characterized by the fine red tint which they 
communicate to the flame. The former of these is very rare, 
and I was indebted to my friend Mr. Faraday for the specimen 
which I subjected to the prismatic analysis. Now it is very 
difficult to distinguish the lithia red from the strontia red with 
the naked eye, but the prism betrays between them the most 
marked distinction which can be imagined. The strontia flame 
exhibits a great number of red rays well separated from each 
other by dark intervals, not to mention an orange and a very 
definite bright blue ray. The lithia exhibits one single red ray. 
Hence I hesitate not to say, that optical analysis can distinguish 
the minutest portions of these two substances from each other 
with as much certainty as, if not more than, any known method.” 
Still Talbot says further on, that “ the mere presence of the sub- 
stance, wdiich suffers no diminution in consequence, causes the 
production of a red and green line to appear in the spectrum.” 
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Professor William Allen Miller next made some interesting 
experiments in 1845 on the spectra of coloured flames pro- 
duced by the metals of the alkaline earths, and came still nearer 
to the result which we now find Bunsen and Kirchhoff arrived 
at in 1861. Diagrams of these spectra accompany the memoir, 
but they are not characteristic enough to enable them to be 
used as distinctive tests for the metals, owing to the fact that a 
luminous flame was used. Hence the investigations of Miller in 
1845 attracted less attention than they deserved. 1 The first 
person who pointed out this characteristic property of sodium 
was Professor Swan, in 1856, and it is to him that we owe the 
examination and first accurate determination of the very great 
sensitiveness of this sodium reaction. So much then for the 
history cf the method as applied to the detection of the well- 
known alkalis and alkaline earths. 

We will now pass on to the consideration of the new elements 
which have been discovered by spectrum analysis. And, in the 
the first place, I would direct your attention to the new alkali 
metals discovered by Professor Bunsen in 1860. Shortly after 
he made his first experiments on the subject of spectrum 
analysis, Bunsen happened to be examining the alkalis left 
from the evaporation of a large quantity of mineral water from 
Diirkheim in the Palatinate. Having separated out all other 
bodies, he took some of these alkalis, and found, on examining 
by the spectroscope the flame which this particular salt or 
mixture of salts gave off, that some bright lines were visible 
which he had never observed before, and which he knew were 
not produced either by potash or soda. So much reliance did 
he place in this new method of spectrum analysis, that he at 
once set to work to evaporate so large a quantity as forty-four 
tons of this water in which these new metals, which he termed 
ccesium and rubidium, were contained in exceedingly minute 
quantities. 

In short, he soon succeeded in detecting and separating the 
two new alkali metals from all other elements, and the complete 

1 See extract in Appendix E. from Kirchhoff ’s “ Contributions to the History 
of Spectrum Analysis,” Phil. Mag., Fourth Series, vol. xxv. p. 250, 1863. 
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examination of the properties of their compounds which he 
made with the very small quantity of material at his disposal 
remains a permanent monument to the skill of this great 
chemist. Both these metals occur in the water of the 
Diirkheim springs. Bunsen’s analysis of the mineral waters of 
Diirkheim and of Baden-Baden will be found in the Second 
Memoir on Spectrum Analysis, published in 1861. 

The quantity of the new substances contained in the water 
from the Diirkheim springs is excessively small, amounting in one 
ton to about three grains of the chloride of caesium and about 
four grains of the chloride' of rubidium ; whilst in the Baden- 
Baden spring we have only traces of the caesium chloride, and 
a still smaller quantity than in the other spring of the rubidium 
chloride. From the forty-four tons of water which he evapo- 
rated down, Bunsen obtained only about 200 grains of the 
mixed salts. You will easily appreciate the delicacy and 
accuracy of a method by which the presence of so minute a trace 
of the new metals as that contained in the water could be so 
readily detected. 

Let me show you, in the first place, the colours produced by 
these two new metals when brought into a non-luminous gas 
flame. We have already noticed the beautiful violet tint 
which the potash flame exhibits. The tint yielded by these 
two metals is very similar to this, and in fact, not only in 
the character of the light which they emit, but in all their 
chemical properties, the compounds of both the new bodies 
resemble potassium compounds very closely. Here I bring a 
small quantity of rubidium salt into the flame, and you observe 
the beautiful purple colour with which the flame is tinged. 
Now I throw in a little caesium salt, and you notice we get 
a very similar kind of tint, rather more red, but still scarcely 
to be distinguished from the violet potash flame burning 
alongside. 

If I next show you the spectra of caesium and rubidium on 
the screen, and compare them with the spectrum of potassium 
(see Frontispiece, Nos. 2, 3, and 4), you will see that the 
spectra of these three metals exhibit (in accordance with their 
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correspondence in other chemical properties) a striking analogy. 
Each of the three metals possesses a spectrum which is con- 
tinuous in the middle, showing that under certain circumstances 
gases may emit light of every degree of refrangibility, and 
decreasing in intensity towards each end. In the case of 
potassium the continuous portion is most intense, in that of 
rubidium less intense, and in the caesium spectrum this 
luminosity is least. In all three we observe the most intense 
and characteristic lines towards both the red and blue ends of 
the spectrum. The metal rubidium, as its name implies, is 
characterized by two splendid deep red lines (see Frontispiece, 
No. 3), both less refrangible than the potassium red line; but 
the two violet lines are even more characteristic, and serve as 
the most delicate test of the presence of the metal. No less 
than the 0‘0002 part of a milligramme of rubidium can be 
detected by the spectrum reaction. The caesium spectrum 
is chiefly characterized by the two blue lines from which it 
derives its name ; they are remarkable for their brilliancy and 
sharpness of definition : while it is singular that caesium 
exhibits -no red lines whatever. 

Since the discovery of these two bodies by Bunsen in 1860, 
chemists have been on the look-out for them, and have found 
both of them in very different situations ; one of them, rubi- 
dium, being comparatively widely distributed. The celebrated 
French waters of Bourbonne-les-Bains contain 0'032 gnu. of 
chloride of caesium and 0 010 grm. of chloride of rubidium 
in one litre of water; whilst in the well-known mineral 
springs of Yichy, Gastein, Nauheim, Karlsbrunn, and many 
more, either one or both of the new metals has been discovered. 
And here the thought strikes one, that the presence of these 
metals, even in such minute quantities, may possibly exert a 
not unimportant influence upon the medicinal qualities and 
effects of the waters. Rubidium has been found to be very 
widely diffused ; it has been found in beetroot, in tobacco, in 
the ash of the oak (the Quercus pubescens ), in coffee, in tea, 
and in cocoa : indeed of the new metals it is only rubidium 
which is found in vegetables and in vegetable products ; whilst 
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both new metals are found in tolerably large quantities in 
certain minerals, especially in lepidolite and petalite. 

One very interesting example of the occurrence of the metal 
caesium has been observed in a mineral termed pollux, which was 
analysed in the year 1846 by the well-known chemist Plattner, 
and supposed to contain potassium. In calculating out the results 
of his analysis Plattner invariably found a considerable loss, the 
cause of which he was unable to account for. Spectrum analysis 
has now explained this anomaly, for since the discovery of the two 
new metals it has been found that it was not potassium, but 
the new metal caesium, which was present, of the oxide of 
which no less than 34 per cent, is contained in this mineral. 
The want of agreement of the former analysis is therefore 
wholly attributable to the difference of the combining weights 
of these two bodies ; that of potassium being only 39T, whilst 
caesium is 133 ; and if we use this last number in the cal- 
culation, we find that Plattner’ s analysis comes uja exactly, as 
it ought to do, to 100 parts. So closely indeed are caesium and 
potassium allied in their chemical characters, that it is only by 
the discriminating power of spectrum analysis that we have 
been able to ascertain even the existence of the new metal. 

Having once proved the existence of these two new ele- 
mentary bodies, Bunsen was of course easily able to find the 
means of separating them accurately one from the other and 
from the well-known substance potassium ; and at the present 
day the chemical history and characters of these two metals and 
their compounds are as well known as those of the common 
alkalis. 

The reaction by which Bunsen separated the new metals 
from potassium can easily be rendered visible to you. I have 
here a small quantity of rubidium chloride in solution, and 
here again I have a solution of the double chloride of potas- 
sium and platinum. 

The chloride of rubidium and platinum is much less soluble 
than the corresponding potassium compound, and hence, if I 
add the potassium double-chloride to this rubidium salt, I shall 
have a precipitation of the double chloride of rubidium and 
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platinum ; and this will indicate to you the mode by which 
Bunsen separated these two metals from each other. 

Here you observe by pouring in this solution the liquid at once 
becomes turbid, and we get a very considerable quantity of a 
heavy yellow granular precipitate of the new rubidium compound. 

It is unnecessary now to enter into the analytical methods by 
which caesium can be separated from rubidium ; it is sufficient 
to state that one of these methods is based upon the different 
solubilities of the tartrates of the new metals, the acid tartrate 
of caesium being much more soluble than the corresponding 
rubidium salt. 

The isomorphous relations between the salts of rubidium 
and caesium and those of potassium also point out the striking 
chemical analogy subsisting between these interesting bodies. 

Shortly after the discovery of these two new alkaline metals 
the existence of a third new elementary substance was made 
known by our countryman Mr. Crookes. In the year 1862 he 
sent to the Exhibition a very small portion of a substance 
which he stated was a new element obtained from a certain 
seleniferous deposit from a sulphuric acid manufactory at 
Tilkerode in the Hartz. This body gives a most beautiful 
green tint to flame. If I bring a small quantity of this 
element into the flame, you see that it produces this exquisite 
green colour. And this was the reaction by which it was 
discovered. Mr. Crookes proved that this green light was due to 
some new elementary body ; then he separated out the substance, 
and gave to it the name thallium, from thallus, a green twig. 

Now the spectrum of thallium is very distinct and specific, 
consisting of one bright green line. I will show it to you with 
the electric lamp. Here you see this magnificent green band 
(Frontispiece, No. 5). The spark-spectrum of thallium is 
rather more complicated, as it exhibits five other lines in 
addition to the bright one in the green. 1 The line T1 a pos- 
sesses a wave-length of 5349 ten -millionths of a millimetre, 
and wdien examined with a one-prism instrument appears to 
be coincident with one of the barium lines. This apparent 
1 Miller, Proc. Hoy. Soc., 1863, p. 407. 
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coincidence is, however, resolved when examined by a higher 
magnifying power. The chemical properties of this substance are 
very remarkable. It stands about half-way between lead and 
the alkalis, resembling in many of its characters the metal 
lead, and in others potassium, so that it has been well described 
by Dumas as the “ ornithorhynchus ” amongst the metals. Thal- 
lium can, however, be perfectly separated from the alkalis and lead 
by means of the insolubility of its chloride and the solubility of its 
sulphate. The specific gravity of thallium is 1T8 ; its combining 
weight is a very high one, 201 ; and it acts as a monad metah 
forming an oxide having the formula T1 2 0, and a chloride T1C1. 

The properties of thallium have been examined by a French 
chemist, M. Lamy, as well as by Mr. Crookes. It has been 
found to exist in very large quantities in certain varieties of 
iron pyrites, a substance from which we manufacture almost 
all our sulphuric acid. 

The metal thallium can be easily obtained in the metallic 
state from its salts. This I can readily render evident to you 
all. We can here decompose a solution of the sulphate of 
thallium by a current of electricity, and then we shall observe 
the metallic thallium shooting out as a beautiful arborescent 
growth on the screen. Here you see the crystals of metallic 
thallium stretching out their long branches all over the screen. 

The soluble salts of thallium act as a cumulative poison : 
they have been found in large quantities in animals which have 
been poisoned by this substance. The method for determining 
or detecting the presence of thallium in such a poisoned animal 
by means of spectrum analysis is extremely simple. If we had 
such a means of detecting some of the other metallic poisons 
as readily as that of thallium, the work of the toxicologist 
would be extremely easy ; except that under these circum- 
stances the very delicacy of the test becomes in itself a danger, 
as the most minute trace of the poisonous metals which might 
by chance be present would in this way be as easily detected as 
a larger quantity. 

There are still two other elementary bodies of which I have 
to speak, namely, the metals indium and gallium. 
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Indium was discovered in 1864 by two German professors, 
Reich and Richter, of the celebrated Mining School of Freiberg. 
It also was detected by the peculiar spectrum which consists 
simply of two indigo-coloured lines. These lines are best seen 
when a bead of an indium compound is held between two 
electrodes from which a spark passes. The lines In a and In /3 
fall respectively upon divisions 107'5 and 140 mm. of the 
photographic scale of the spectroscope, when Na a — 50 and 
Sr S = 100-5. (See Frontispiece, No. 6.) It was discovered in 
certain zinc ores, and has only been found in small quantities. 
Its chemical and physical characters have recently been care- 
fully examined. It is a silver-white metal, soft, ductile, and 
compact, melting at 176° C. Its combining weight is 113'4 
(0 = 16), and its specific gravity is 7'421 ; and it forms definite 
compounds, amongst which the trichloride InCl 3 , the yellow 
trioxide In 2 O g and the corresponding nitrate and sulphate, are 
the most characteristic. Hence you will see that indium belongs 
to the triad family of metals. 

I can here show you the indigo colour which indium com- 
pounds impart to the flame ; and you now see on the screen that 
the spectrum of indium consists of two bright indigo-coloured 
lines, one situated in the blue and one in the violet portion ot 
the spectrum. Another example of the power of spectrum 
analysis in unravelling the secrets of nature is the discovery by 
M. Lecoq de Boisbaudran in 1875 of a fifth new metal, and 
patriotically called by him gallium, because it was first found 
in zinc blende from the Pyrenees. The spectrum of gallium 
consists, like that of indium, of two violet lines, but the position 
of these lines in the spectrum, or, to speak more correctly, their 
wave-length, differs entirely from that of the indium lines, for 
whilst the indium lines have the wave-length In a 4,509 ten- 
millionths of a millimetre, and In j3 4101, the wave-lengths of the 
gallium lines are 4040 and 4170 respectively. I need scarcely 
say that there is as yet no notion of any practical employment 
of any of these new substances, though chemists never can tell 
what important applications of their most recondite discoveries 
may not arise even in the immediate future. 
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LECTURE II.— APPENDIX A. 

EXTRACT FROM BUNSEN AND KIRCHHOFF’S FIRST MEMOIR ON THE 
SPECTRUM REACTIONS OF THE SALTS OF THE ALKALIS AND 
ALKALINE EARTHS. 1 

We now proceed to describe the peculiarities of the several 
spectra, the exact acquaintance with which is of practical 
importance, and to point out the advantages which this new 
method of chemical analysis possesses over the older processes. 

SODIUM. 

The spectrum reaction of sodium is the most delicate of all. 

The yellow line Na a (see Chromolith. Table, No. 7), the only 
one which appears in the sodium spectrum, is coincident with 
Fraunhofer’s dark line D, and is remarkable for its exactly 
defined form and for its extraordinary degree of brightness. 
If the temperature of the flame be very high, and the quantity 
of the substance employed very large, traces of a continuous 
spectrum are seen in the immediate neighbourhood of the line. 
In this case, too, the weaker lines produced by other bodies 
when near the sodium line are discerned with difficulty, and are 
often first seen when the sodium reaction has almost subsided. 

The reaction is most visible in the sodium salts of oxygen, 
chlorine, iodine, bromine, sulphuric acid, and carbonic acid. 
But even in the silicates, borates, phosphates, and other non- 
volatile salts, the reaction is always evident. Swan 2 has 
already remarked upon the small quantity of sodium neces- 
sary to produce the yellow line. 

The following experiment shows that the chemist possesses 
no reaction which in the slightest degree will bear comparison 

1 From Kirchhoff and Bunsen’s first Memoir on Analysis by Spectrum Obser- 
vations (Phil. Mag. vol. xx. 1860). 

2 Trans. Roy. Soc. Edin. vol. xxi. part iii. p. 411. 
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as regards delicacy with this spectrum-analytical determination of 
sodium. In a far corner of our experiment room, the capacity of 
which was about sixty cubic metres, we burnt a mixture of three 
milligrammes of chlorate of sodium with milk-sugar, whilst the 
non-luminous colourless flame of the lamp was observed through 
the slit of the telescope. Within a few minutes the flame, which 
gradually became pale yellow, gave a distinct sodium line, which, 
after lasting for ten minutes, entirely disappeared. From the 
Aveight of sodium salt burned and the capacity of the room, it 
is easy to calculate that in one part by weight of air there is 
suspended less than xoWottow °f a part of soda smoke. As 
the reaction can be observed with all possible comfort in 
one second, and as in this time the quantity of air which is 
heated to ignition by the flame is found, from the rate of issue 
and from the composition of the gases of the flame, to be only 
about 50 cub. cent, or 0'0647 grm. of air, containing less than 
vt hio'co 'Ji, °f sodium salt, it follows that the eye is able to detect 
with the greatest ease quantities of sodium salt less than 
•g-g-giyoow of a milligramme in weight. With a reaction so deli- 
cate, it is easy to understand why a sodium reaction is almost 
always noticed in ignited atmospheric air. More than two- 
thirds of the earth’s surface is covered with a solution of chloride 
of sodium, fine particles of which are continually being carried 
into the air by the action of the waves. These particles of sea 
water cast thus into the atmosphere evaporate, leaving almost 
inconceivably small residues, which, floating about, are almost 
always present in the air, and are rendered evident to our 
eyesight in the sunbeam. These minute particles perhaps serve 
to supply the smaller organized bodies with the salts which 
larger animals and plants obtain from the ground. In another 
point of view, however, the presence of this chloride of sodium 
in the air is of interest. If, as is scarcely doubtful at the 
present time, the explanation of the spread of contagious disease 
is to be sought for in some peculiar contact-action, it is possible 
that the presence of so antiseptic a substance as chloride of 
sodium, even in almost infinitely small quantities, may not be 
without influence upon such occurrences in the atmosphere. 
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By means of daily and long-continued spectrum observations, 
it would be easy to discover whether the alterations of intensity 
in the line Na a produced b} 7 the sodium in the air have any 
connection with the appearance and direction of march of an 
endemic disease. 

The unexampled delicacy of the sodium reaction explains 
also the well-observed fact, that all bodies after a lengthened 
exposure to air show the sodium line when brought into a flame, 
and that it is only possible in a few salts to get rid of the line 
even after repeated crystallization from water which had only 
been in contact with platinum. A thin platinum wire, freed 
from every trace of sodium salt by ignition, shows the reaction 
most visibly on allowing it to stand for a few hours in the air : 
in the same way the dust which settles from the air in a room 
shows the bright line Na a. To render this evident it is only 
necessary to knock a dusty book, for instance, at a distance of 
some feet from the flame, when a wonderfully bright flash of 
yellow band is seen. 



LITHIUM. 

The luminous ignited vapour of the lithium compounds gives 
two sharply defined lines ; the one a very weak yellow line, Li /3 
and the other a bright red line, Li a. This reaction exceeds in 
certainty and delicacy all methods hitherto known in analytical 
chemistry. It is, however, not quite so sensitive as the sodium 
reaction, only, perhaps, because the eye is more adapted to 
distinguish yellow than red rays. When nine milligrammes 
of carbonate of lithium mixed with excess of milk-sugar were 
burnt, the reaction was visible in a room of sixty cubic metres’ 
capacity. Hence, according to the method already explained, 
we find that the eye is capable of distinguishing with absolute 
certainty a quantity of carbonate of lithium less than nnruWo 
of a milligramme in weight : 0 05 grm. of carbonate of lithium, 
burnt in the same room, was sufficient to enable the ignited air 
to show the red line Li a for an hour after the combustion had 
taken place. 
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The compounds of lithium with oxygen, iodine, bromine, and 
chlorine are the most suitable for this peculiar reaction ; still 
the carbonate, sulphate, and even the phosphate, give almost 
as distinct a reaction. Minerals containing lithium such as 
triphylline, triphane, petalite, lepidolite, require only to be held 
in the flame in order to obtain the bright line in the most 
satisfactory manner. In this way the presence of lithium in 
many felspars can be directly detected ; as for instance, in the 
orthoclase from Baveno. The line is only seen for a few 
moments, directly after the mineral is brought into the flame- 
In the same way the mica from Altenburg and Penig was found 
to contain lithium, whereas micas from Miask, Aschaffenburg, 
Modum, Bengal, Pennsylvania, &c., were found to be free from 
this metal. In natural silicates which contain only small traces 
of lithium this metal is not observed so readily. The examina- 
tion is then best conducted as follows : — A small portion of the 
substance is digested and evaporated with hydrofluoric acid or 
fluoride of ammonium, the residue moistened with sulphuric 
acid and heated, the dry mass being dissolved in absolute alcohol. 
The alcoholic extract is then evaporated, the dry mass again 
dissolved in alcohol, and the extract allowed to evaporate on a 
shallow glass dish. The solid pellicle which remains is scraped 
off with a fine knife, and brought into the flame upon the thin 
platinum wire. For one experiment yV of a milligramme is in 
general quite a sufficient quantity. Other compounds besides 
the silicates, in which small traces of lithium require to be 
detected, are transformed into sulphates by evaporation with 
sulphuric acid or otherwise, and then treated in the manner 
described. 

In this way we arrive at the unexpected conclusion that 
lithium is most widely distributed throughout nature, occurring 
in almost all bodies. Lithium was easily detected in forty cubic 
centimetres of the water of the Atlantic Ocean, collected in 
41° 41' N. latitude and 39° 14' W. longitude. Ashes of marine 
plants (kelp), driven by the Gulf Stream on the Scotch coasts, 
contain evident traces of this metal. All the orthoclase and 
quartz from the granite of the Odenwald which we have 
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examined contained lithium. A very pure spring water from 
the granite in Schleierbach, on the west side of the valley of the 
Nectar, was found to contain lithium, whereas the water from 
the red sandstone which supplies the Heidelberg laboratory 
was shown to contain none of this metal. Mineral waters, 
in a litre of which lithium could hardly he detected according 
to the ordinary methods of analysis, gave plainly the line Li a 
even if only a drop of the water on a platinum wire was brought 
into the flame . 1 All the ashes of plants growing in the 
Odenwald on a granite soil, as well as Russian and other 
potashes, contain lithium. 

Even in the ashes of tobacco, in vine leaves, in the wood of 
the vine, and in grapes , 2 as well as in the ashes of the crops 
grown in the Rhine plain near Waghausel, Deidesheim, and 
Heidelberg, on a non-granite soil, was lithium found. The milk 
of the animals fed upon these crops also contains this widely 
diffused metal . 3 

It is necessary to say that a mixture of volatile sodium and 
lithium salts gives the reaction of lithium alongside that of 
sodium with a precision and distinctness which are hardly 
perceptibly diminished. The red lines of the former substance 
are still plainly seen when the bead contains i-g-^ow P ai ‘t of 
lithium salt, and when to the naked eye the yellow soda flame 
appears untinged by the slightest trace of red. In consequence 
of the somewhat greater volatility of the lithium salt, the 
sodium reaction lasts longer than that of the other metal. In 
those cases, therefore, in which small quantities of lithium 
have to be detected in presence of large quantities of sodium 
salt, the bead must he brought into the flame whilst the observer 
is looking through the telescope. The lithium lines are often 
only seen during a few moments amongst the first products 
of the volatilization. 

1 When liquids have to be brought into the flame, it is best to bend the end of 
the platinum wire, of the thickness of a horsehair, to a small ring, and to beat 
this ring flat. If a small drop of liquid be brought into this ring, enough adheres 
to the wire for one experiment. 

2 In the manufactories of tartaric acid the mother-liquors contain so much 
lithium salts that considerable quantities can thus be prepared. 

3 Dr. Falwarczny has been able to detect lithium in the ash of human blood 
and muscular tissue by the help of the line Li a. 
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In the production of lithium salts on the large scale, in 
the proper choice of a raw material, and in the arrangement 
of suitable methods of separation, this spectrum analysis affords 
most valuable aid. Thus it is only necessary to place a drop 
of mother-liquor from any mineral spring in the flame and 
to observe the spectrum produced, in order to show that in 
many of these waste products a rich and hitherto unheeded 
source of lithium salts exists. In the same way, during the 
course of the preparation any loss of lithium in the collateral 
products and residues can be easily traced, and thus more con- 
venient and economical methods of preparation may be found 
to replace those at present employed. 1 

POTASSIUM. 

The volatile potassium compounds give, when placed in the 
flame, a widely-extended continuous spectrum, which contains 
only two characteristic lines, — namely, one line, Ka a, in the 
outermost red, approaching the ultra-red rays, exactly coinciding 
with the dark line A of the solar spectrum ; and a second line, 
Ka /3, situated far in the violet rays towards the other end of 
the spectrum, and also identical with a particular dark line 
observed by Fraunhofer. 

A very indistinct line, coinciding with Fraunhofer’s line B, 
which, however, is only seen when the light is very intense, 
is not by any means so characteristic. The violet line is 
somewhat pale, but can be used almost as well as the red line 
for the detection of potassium. Owing to the position of these 
two lines, both situated near the limit at which our eyes cease 
to be sensitive to the rays, this reaction for potassium is not 
so delicate as the reaction for the two metals already mentioned. 
The reaction became visible in the air of our room when 
one gramme of chlorate of potassium mixed with milk-sugar 

1 We obtain by such an improved method from two jars (about four litres) of a 
mother-liquor from a mineral spring, which by evaporation with sulphuric acid 
gave 1 '2 kil. of residue, half an ounce of carbonate of lithium of the purity of the 
commercial, the cost of which is about 140 florins the pound. A great number 
of other mineral-spring mother diquors which we examined showed a similar 
richness in compounds of lithium. 
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was burnt. In this way, therefore, the eye requires the presence 
°f TdW °f a milligramme of chlorate of potassium in order to 
detect the presence of potassium. 

Caustic potash, and all compounds of potassium with volatile 
acids, give the reaction without exception. Potash silicates, 
and other non-volatile salts, on the other hand, only produce 
the reaction when the metal is present in very large quantities. 
It is only necessary, however, to melt the substance with a 
bead of carbonate of sodium in order to detect potassium even 
when present in a very small quantity. The presence of the 
sodium does, not in the least interfere with the reaction, and 
scarcely diminishes its delicacy. Orthoclase, sanidine, and 
adularia may in this way be easily distinguished from albite, 
oligoclase, labradorite, and anorthite. In order to detect the 
smallest traces of potassium salt, the silicate requires only to 
be slightly ignited with a large excess of fluoride of ammonium 
on a platinum capsule, after which the residue is brought into 
the flame on a platinum wire. In this way it is found that 
almost every silicate contains potash. Salts, of lithium diminish 
or influence the reaction as little as soda salts. Thus we need 
only to hold the end of a burnt cigar in the flame before the 
slit in order at once to see the yellow line of sodium and the 
two red lines of potassium and lithium, this latter metal being 
scarcely ever absent in tobacco ash. 

DETECTION BY SPECTRUM ANALYSIS OF THE CONSTITUENTS OF 
A MIXTURE CONTAINING ALL THE METALS OF THE ALKALIS 
AND ALKALINE EARTHS. 

A mixture of the chlorides of potassium, sodium lithium, 
calcium, strontium, and barium, containing at the most Pj of a 
milligramme of each of these salts, was brought into the flame, 
and the spectra produced were observed. At first the bright 
yellow sodium line, Na a, appeared with a background formed 
by a nearly continuous pale spectrum : as soon as this line 
began to fade, the exactly defined bright red line of lithium, 
Li a. was seen ; and still further removed from the sodium line 
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the faint red potassium line, Ka a, was noticed ; whilst the two 
barium lines, Ba «, Ba /3. with their peculiar form, became 
visible in the proper position. As the potassium, sodium, 
lithium, and barium salts volatilized, their spectra became 
fainter and fainter, and their peculiar bands one after the other 
vanished, until after the lapse of a few minutes, the lines Ca a , 
Ca /3, Sr a, Sr (3, Sr 7, and Sr 8 became gradually visible, and, 
like a dissolving view, at last attained their characteristic 
distinctness, colouring, and position, and then, after some time, 
became pale and disappeared entirely. The absence of any one 
or of several of these bodies is at once indicated by the non- 
appearance of the corresponding bright lines. 

Those who become acquainted with the various spectra by 
repeated observation do not need to have before them an exact 
measurement of the single lines in order to be able to detect the 
presence of the various constituents ; the colour, relative position, 
peculiar form, variety of shade and brightness of the bands are 
quite characteristic enough to ensure exact results even in the 
hands of persons unaccustomed to such work. These special 
distinctions may be compared with the differences of outward 
appearance presented by the various precipitates which we 
employ for detecting substances in the wet way. Just as it 
holds good as a character of a precipitate that it is gelatinous, 
pulverulent, flocculent, granular, or crystalline, so the lines of 
the spectrum exhibit their peculiar aspects, some appearing 
sharply defined at their edges, others blended off either at one 
or both sides, either similarly or dissimilarly ; or some again 
appearing broader, others narrower; and just as in ordinary 
analysis we only make use of those precipitates which are 
produced with the smallest possible quantity of the substance 
supposed to be present, so in analysis with the spectrum we 
employ only those lines which are produced by the smallest 
possible quantity of substance, and require a moderately 
high temperature. In these respects both analytical methods 
stand on an equal footing; but analysis with the spectrum 
possesses a great advantage over all other methods, inasmuch 
as the characteristic differences of colour of the lines serve 
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as the distinguishing feature of the system. Most of the pre- 
cipitates which are valuable as reactions are colourless ; and 
the tint of those which are coloured varies very considerably, 
according to the state of division and mechanical arrangement 
of the particles. The presence of even the smallest quantity 
of impurity is often sufficient entirely to destroy the character- 
istic colour of a precipitate ; so that no reliance can he placed 
upon nice distinctions of colour as an ordinary chemical test. 
In spectrum analysis, on the contrary, the coloured bands are 
unaffected by such alteration of physical conditions, or by the 
presence of other bodies. The positions which the lines occupy 
in the spectrum give rise to chemical properties as unalterable as 
the combining weights themselves, and which can therefore be 
estimated with an almost astronomical precision. The fact, how- 
ever, which gives to this method of spectrum analysis an extra- 
ordinary importance, is that the chemical reactions of matter 
thus reach a degree of delicacy which is almost inconceivable- 
By an application of this method to geological inquiries concern- 
ing the distribution and arrangements already mentioned, we are 
led to the unexpected conclusion, that not only potassium and 
sodium, but also lithium and strontium, must be added to the 
list of bodies occurring only indeed in small quantities, but most 
widely spread throughout the matter composing the solid body 
of our planet. 

The method of spectrum analysis may also play a no less im- 
portant part as a means of detecting new elementary substances ; 
for if bodies should exist in nature so sparingly diffused that the 
analytical methods hitherto applicable have not succeeded in 
detecting or separating them, it is very possible that their pre- 
sence may be revealed by a simple examination of the spectra 
produced by their flames. We have had opportunity of satisfy- 
ing ourselves that in reality such unknown elements exist. We 
believe that, relying upon unmistakeable results of the spectrum 
analysis, we are already justified in positively stating that, 
besides potassium, sodium, and lithium, the group of the alka- 
line metals contains a fourth member, which gives a spectrum as 
simple and characteristic as that of lithium, a metal which in our 
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apparatus gives only two lines, — namely, a faint blue one 
almost coincident with the strontium line Sr 8, and a second 
blue one lying a little further towards the violet end of the 
spectrum, and rivalling the lithium line in brightness and 
distinctness of outline. 



APPENDIX B. 

BUNSEN AND KIRCHHOFF ON THE MODE OF USING A 
SPECTROSCOPE. 1 

The apparatus is represented by Fig. 35. On the u,pper end 
of a cast-iron foot a brass plate is screwed, carrying the flint- 
glass prism (cc), having a refracting angle of 60°. The tube b 
is also fastened to the brass plate : in the end of this tube near- 
est the prism is placed a lens, whilst the other end is closed by 




Fig. 35. 



a plate in which a vertical slit has been made. Two arms are 
also fitted on to the cast-iron foot, so that they are moveable in a 
horizontal plane about the axis of the foot. One of these arms 
carries the telescope (/), having a magnifying power of 8, whilst 
1 Second Memoir on Spectrum Analysis, Phil. Mag., vol. xxii. 1861, pp. 334 
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the other carries the tube (g) : a lens is placed in this tube at the 
end nearest the prism, and at the other end is a scale which can 
be seen through the telescope by reflection from the front surface 
of the prism. This scale is a photographic copy of a millimetre 
scale, which has been produced in the camera of about T h- the 
original dimensions. 1 The scale is covered with tinfoil, so that 
only the narrow strip upon which the divisions and the numbers 
are engraved can be seen. The upper half only of the slit is 
left free, as is seen by reference to Fig. 36 ; the lower half is 
covered by a small equilateral glass prism, which sends by 
total reflection the light of the lamp 6, Fig. 35, through the slit, 

whilst the rays from the lamp e pass 
freely through the upper and uncovered 
half. A small screen placed above the 
prism prevents any light from e passing 
through the upper portion of the slit. 
By help of this arrangement the observer 
sees the spectra of the two sources of light immediately one 
under the other, and can easily determine whether the lines are 
coincident or not. 2 

We now proceed to describe the arrangement and mode of 
using the instrument. 

The telescope/ is first drawn out so far that a distant object 
is plainly seen, and screwed into the ring, in which it is held, 
care being taken to loosen the screws beforehand. The tube b 
is then brought into its place, and the axis of B brought into 
a straight line with that of b. The slit is then drawn out 
until it is distinctly seen on looking through the telescope, and 
this latter is then fixed by moving the screws, so that the 
middle of the slit is seen in about the middle of the field of 
view. After removing the small spring, the prism is next 

1 This millimetre scale was drawn on a strip of glass, covered with a thin coat- 
ing of lampblack and wax dissolved in glycerine. The divisions and numbers, 
which by transmitted light showed bright on a dark ground, were represented in 
the photograph dark on a light ground. It would be still better to employ, for 
the spectrum apparatus, a scale in which the marks were light on a dark ground. 
Such scales are beautifully made by Salleron and Ferrier of Paris. 

2 This apparatus was made in the celebrated optical and astronomical atelier of 
C. A. Steinheil in Munich. 
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placed on the brass plate, and fastened in the position which is 
marked for it, and secured by screwing down the spring. If 
the axis of the tube b be now directed towards a bright surface, 
such as the flame of a candle, the spectrum of the flame is seen 
in the lower half of the field of the telescope on moving the latter 
through a certain angle round the axis of the foot. When the 
telescope has been placed in position, the tube g is fastened on 
to the arm belonging to it, and this is turned through an angle 
round the axis of the foot so that, when a light is allowed to 
fall on the divided scale the image of the scale is seen through 
the telescope /, reflected from the nearer face of the prism. 
This image is brought exactly into focus by altering the posi- 
tion of the scale in the tube g ; and by turning this tube on its 
axis it is easy to make the line in which one side of the divisions 
on the scale lies parallel with the line dividing the two spectra, 
and by means of the screw S to bring these two lines to 
coincide. 

In order to bring the two sources of light, e and 6 into posi- 
tion, two methods may be employed. One of these depends upon 
the existence of bright lines in the inner cone of the colourless 
gas flame, which have been so carefully examined by Swan. If 
the lamp e be pushed past the slit, a point is easily found at 
which these lines become visible ; the lamp must then be pushed 
still further to the left, until these lines nearly or entirely dis- 
appear ; the right mantle of the flame is now before the slit? 
and into this the bead of substance under examination must be 
brought. In the same way the position of the source of light 6 
may be ascertained. 

The second method is as follows : — The telescope / is so 
placed that the brightest portion of the spectrum of the flame of 
a candle is seen in about the middle of the field of view; the 
flame is then placed before the ocular in the direction of the axis 
of the telescope, and the position before the slit determined in 
which the upper half of the slit appears to be the brightest ; the 
lamp e is then placed so that the slit appears behind that portion 
of the flame from which the most light is given off after the 
introduction of the bead. In a similar way the position of the 
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lamp 6 is determined by looking through the small prism and 
the lower half of the slit. 

By means of the screw the breadth of the slit can be regulated 
in accordance with the intensity of the light, and the degree of 
purity of spectrum which is required. To cut off foreign light, 
a black cloth, having a circular opening to admit the tube g, is 
thrown over the prism a and the tubes b and /. The illumina- 
tion of the scale is best effected by means of a luminous gas flame 
placed before it : the light can, if necessary, be lessened by placing 
a silver-paper screen close before the scale. The degree of illu- 
mination suited to the spectrum under examination can then be 
easily found by placing this flame at different distances. 



APPENDIX C. 

BUNSEN ON A METHOD OF MAPPING SPECTRA. 1 

For the purpose of facilitating the numerical comparison of the 
data of various spectrum observations, we give in Fig. 37, p. 107, 
graphical representations of the observations which are taken 
from the guiding lines given in chromolithograph drawings 
of the spectra published in our former memoirs, and in which 
the prism was placed at the angle of minimum deviation. The 
ordinates of the edges of the small blackened surfaces, referred 
to the divisions of the scale as abscissee, represent the intensity of 
the several lines, with their characteristic gradations of shade. 
These drawings were made when the slit was so broad, and the 
flame of such a temperature, that the fine bright line upon the 
broad Ca a band began to be distinctly visible. This breadth of 
the slit was equal to the fortieth part of- the distance between 
the sodium line and the lithium line a. For the sake of 
perspicuity, the continuous spectra which some bodies exhibit 

1 Phil. Mag., Fourth Series, vol. xxvi. p. 247. 
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are specially represented on the upper edge of the scale, to the 
divisions of which they are referred as abscissae. In order to 
render these drawings, which have reference to our instrument, 
applicable to observations upon the scale of any other apparatus, 
which we may call B, it is only necessary to prepare a reduced 
scale, which is laid upon the several drawings, and used in place 
of the divided scale given in the figure. The lines marked at the 
bottom of Fig. 37 serve for the preparation of this new scale : 
these lines denote the distances between the lines K a, Li a, Na, Tl, 
Sr 8, Rb a, and K J3, measured according to the scale of our 
instrument. The position of each of these lines is determined 
by the edge of the line, which does not change its place on 
altering the breadth of the slit. The position of these same 
lines is read off on the scale of the instrument B, and the 
corresponding number written under each. A series of fixed 
points on the scale is thus obtained, and the complete divisions 
for the scale of the instrument B are got by interpolating the values 
of the portions of the scale situated between the fixed points. 

The sodium line is then inserted in this scale, which is pasted 
upon a straight-edge, and the divisions numbered in tens and 
fives. If this measure be now laid upon any one of the drawings, 
so that the sodium line on the measure coincides with the 
division 50 on the drawing, the scale on the measure will give 
the position of all the lines in the particular spectrum exactly as 
they are seen in the photographic scale of the instrument b. 
When the position of the line under observation has in this way 
been ascertained, it is easy to assure oneself of its exact identity 
by means of the small prism on the slit of the spectroscope. 
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APPENDIX D. 

SPECTRUM REACTIONS OF THE RUBIDIUM AND CAESIUM 
COMPOUNDS. 1 

Caesium and rubidium are not precipitated either by sulphuret- 
ted hydrogen or by carbonate of ammonium. Hence both metals 
must be placed in the group containing magnesium, lithium, 
potassium, and sodium. They are distinguished from magnesium, 
lithium, and sodium, by their reaction with tetrachloride of plati- 
num, which precipitates them like potassium. Neither rubidium 
nor caesium can be distinguished from potassium by any of the 
usual reagents. All three substances are precipitated by tartaric 
acid as white crystalline powders ; by hydrofluosilicic acid as 
transparent opalescent jellies ; and by perchloric acid as granular 
crystals : all three, when not combined with a fixed acid, are 
easily volatilized on the platinum wire, and they all three tinge 
the flame violet. The violet colour appears indeed of a bluer 
tint in the case of potassium, whilst the flame of rubidium is of 
a redder shade, and that of csesium still more red. These slight 
differences can, however, only be perceived when the three 
flames are ranged side by side, and when the salts undergoing 
volatilization are perfectly pure. In their reactions, then, with 
the common chemical tests, these new elements cannot be dis- 
tinguished from potassium. The only method by means of 
which they can be recognized when they occur together is that 
of spectrum analysis. 

The spectra of rubidium and caesium are highly characteristic, 
and are remarkable for their great beauty (Frontispiece, Nos. 
3 and 4). In examining and measuring these spectra we have 
employed an improved form of apparatus (Fig. 35), which in 
every respect is much to be preferred to that described in our 

1 Extract from Professors Kirchhoff and Bunsen’s Second Memoir on Chemical 
Analysis by Spectrum Observations (Phil. Mag., vol. xxii. 1861). 
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first memoir. In addition to the advantages of being more 
manageable and producing more distinct and clearer images, it 
is so arranged that the spectra of two sources of light can be 
examined at the same time, and thus, with the greatest degree 
of precision, compared both with one another and with the 
numbers on a divided scale. 

In order to obtain representations of the spectra of caesium 
and rubidium corresponding to those of the other metals which 
we have given in our former paper, we have adopted the follow- 
ing course : — 

We have placed the tube g (Fig. 35) in such a position that a 
certain division of the scale, viz. No. 100, coincided with Fraun- 
hofer’s line D in the solar spectrum, and then observed the position 
of the dark solar lines A, B, c, D, E, F, G, H, on the scale : these 
several readings we called A, B, c, &c. An interpolation scale 
was then calculated and drawn, in which each division corre- 
sponded to a division on the scale of the instrument, and in which 
the points corresponding to the observations A, B, c, &c. were 
placed at the same distances ajoart as the same lines on our first 
drawings of the spectrum. By help of this scale, curves of the 
new spectra were drawn (Fig. 37, p. 107), in which the ordinates 
express the degrees of luminosity at the various points on the 
scale, as judged of by the eye. The lithographer then made the 
designs represented in the Frontispiece from these curves. 

As in our first memoir, so here we have represented only those 
lines which, in respect to position, definition, and intensity, 
serve as the best means of recognition. We feel it necessary to 
repeat this statement, because it has not unfrequently happened 
that the presence of lines which are not represented in our 
drawings has been considered as indicative of the existence of 
new bodies. 

We have likewise added a representation of the potassium 
spectrum to those of the new metals for the sake of comparison, 
so that the close analogy which the spectra of the new alkaline 
metals bear to the potassium spectrum may be at once seen. 
All three possess spectra which are continuous in the centre, and 
decreasing at each end in luminosity. In the case of potassium 
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this continuous portion is most intense, in that of rubidium less 
intense, and in the caesium spectra the luminosity is least. In 
all three we observe the most intense and characteristic lines 
towards both the red and blue ends of the spectrum. 

Amongst the rubidium lines, those splendid ones named Rb a 
and Rb /3 are extremely brilliant, and hence are most suited for 
the recognition of the metal. Less brilliant, hut still very cha- 
racteristic, are the lines Rb 8 and Rb y. From their position 
they are in a high degree remarkable, as they both fall beyond 
Fraunhofer’s line A ; and the outer one of them lies in an ultra- 
red portion of the solar spectrum, which can only be rendered 
visible by some special arrangement. The other lines, which are 
found on the continuous part of the spectrum, cannot so well 
be used as a means of detection, because they only appear when 
the substance is very pure, and when the luminosity is very 
great. Nitrate of rubidium and the chloride, chlorate, and per- 
chlorate of rubidium, on account of their easy volatility, show 
these lines most distinctly. Sulphate of rubidium and similar 
salts also give very beautiful spectra. Even silicate and phos- 
phate of rubidium yield spectra in which all the details are 
plainly seen. 

The spectrum of caesium is especially characterized by the two 
blue lines Cs a and Cs /3 : these lines are situated close to the 
blue strontia line Sr 8, and are remarkable for their wonderful 
brilliancy and sharp definition. The line Cs 8, which cannot be 
so conveniently used, must also be mentioned. The yellow and 
green lines represented on the figure, which first appear when the 
luminosity is great, cannot so well be employed for the purpose 
of detecting small quantities of the cmsium compounds; but 
they may be made use of with advantage as a test of the purity 
of the caesium salt under examination. They appear much more 
distinctly than do the yellow and green lines in the potassium 
spectrum, which, for this reason, we have not represented. 

As regards distinctness of the reaction, the caesium compounds 
resemble in every respect the corresponding rubidium salts : 
the chlorate, phosphate, and silicate gave the lines perfectly 
clearly. The delicacy of the reaction, however, in the case of 
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the caesium compounds, is somewhat greater than in that of the 
corresponding compounds of rubidium. In a drop of water 
weighing four milligrammes, and containing only 0'0002 milli- 
gramme of chloride of rubidium, the lines lib a and Eb /3 can 
only just be distinguished ; whilst 0-00005 milligramme of the 
chloride of caesium can, under similar circumstances, easily be 
recognized by means of the lines Cs a and Cs /3. 

If other members of the group of alkaline metals occur 
together with caesium and rubidium, the delicacy of the reaction 
is of course materially impaired, as is seen from the following 
experiments, in which the mixed chlorides contained in a drop 
of water, weighing about four milligrammes, were brought into 
the flame on a platinum wire. 

When 0'003 milligramme of chloride of caesium was mixed 
with from 300 to 400 times its weight of the chloride of 
potassium or sodium, it could be easily detected. Chloride of 
rubidium, on the other hand, could be detected with difficulty 
when the quantity of chloride of potassium or chloride of sodium 
amounted to from 100 to 150 times the weight of the chloride 
of rubidium employed. 

0'001 milligramme of chloride of caesium was easily recog- 
nized when it was mixed with 1,500 times its weight of chloride 
of' lithium; whilst 0‘001 milligramme of chloride of rubidium 
could not be recognized when the quantity of chloride of lithium 
added exceeded 600 times the weight of the rubidium salt. 
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ciation in 1880 by Professor Schuster, F.R.S. 

Appendix E. — On the Genesis of Spectra. Abstract of a Report drawn up 
by Professor Schuster for the British Association in 1882. 

The subject to which I would wish to-day in the first place to 
direct your attention, is the mode by which we can determine by 
spectrum analysis the presence of metals proper, or heavy metals. 
How, for instance, can we ascertain the presence of copper, or of 
gold, or of silver, or of zinc, or of iron ? how can we volatilize 
these metals so as to make them give off the light which is pecu- 
liar to each one ? I have here the means of doing this. We have 
again to employ our most valuable agent, electricity. By means 
of this battery and induction coil I can obtain an electric spark ; 

I 
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and by means of the electric spark I can get what I require, 
namely, the volatilization of these metals. It is many years 
since the application of the electric spark to this particular 
branch of analysis was discovered. The first person who examined 
the nature of the electric spark was Wollaston, whose name I 
mentioned to you in my opening lecture as having first pointed 
out the existence of these very important dark lines in the solar 
spectrum. But it was Faraday who first declared that the 
electric spark consists solely of material particles. He speaks, in 
his experimental researches, of the electric spark as being pro- 
duced by a current propagated along, and by, ponderable matter, 
and heated in the same manner, and according to the same laws, 
as a voltaic current heats and volatilizes a metallic wire. So that 
what we see and call the spark is really the ignition of the 
matter which lies in its path, and which we now know to be 
partly due to the electrodes. When we reflect how short a 
space of time the spark lasts we shall understand with how 
great a velocity these particles are driven forward, and we have 
then only to remember that a great velocity implies a high 
temperature, in order that we may be able to account for the 
brightness of the spark. If this be so, it is evident that, when 
we bring certain different metals in this arc, we must obtain 
different-coloured sparks : thus, if I bring a small quantity of 
strontium salt into the spark, we shall have a very intensely red 
light, due to the ignition of the peculiar body strontium which 
is volatilized between the poles ; and when I take some thallium, 
we have the green colour characteristic of this metal. 

If we examine the light of such a spark with a spectroscope, 
we shall find that two superimposed spectra here present them- 
selves ; the one spectrum produced by the parts lying close to the 
poles, and the other by the central portion of the spark. The 
spectrum of the bright points is, as we shall see, chiefly that of 
the metal present, whilst the light from the less luminous 
portion in the centre exhibits the spectrum of the incandescent 
air, and shows the particular lines produced by the gases existing 
in the atmosphere, viz. nitrogen, oxygen, and hydrogen (for in the 
atmosphere we have constantly the vapour of water present). 
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Each gas gives us lines peculiar to itself ; and in some cases, 
when the quantity of carbonic acid present in the air is con- 
siderable, we may even get the carbon lines. 

It was Sir Charles Wheatstone, in the year 1835, who first 
pointed out that the spectra produced from the sparks of dif- 
ferent metals were dissimilar ; and he concluded that the electric 
spark resulted from the volatilization, and not from the combus- 
tion, of the matter of the poles themselves, for he observed the 
same phenomena in vacuo and in hydrogen, in which no com- 
bustion can occur ; and in 1835 he writes as follows : “ These 
differences are so obvious, that one metal may easily be distin- 
guished from another by the appearance of its spark ; and we 
have here a mode of discriminating metallic bodies more readily 
than that of chemical examination, and which may hereafter be 
employed for useful purposes." 

You have here a copy of the diagram (Fig. 38) published in 
Wheatstone’s paper, 1 giving the lines which he saw in the metals. 
Subsequent research has shown that the number of the lines 
peculiar to each of these metals is very large, although on 
Wheatstone’s diagram but a few of these are noticeable. On 
this drawing you see some of the bright lines of the metals 
mercury (Hg), zinc (Zn), cadmium (Cd), bismuth (Bi), tin (Sn), 
and lead (Pb). The letters placed above and below each bright 
line indicate its degree of intensity : very bright, bright, faint, 
very faint. 

It was, however, chiefly through the experiments of the 
Swedish philosopher Angstrom, that we gained an intimate 
knowledge of the nature of the electric spark. In the year 
1855 Angstrom investigated the matter very thoroughly, and 
pointed out the important fact which I have explained, that the 
spark yields two superimposed spectra ; one derived from the 
metal of the poles, and the other from the gas or air through 
which the spark passes. 

Perhaps I had better show you, first of all, the beautiful 
spectra of some of these metals, as I can exhibit them to you on 

1 For a reprint of Wheatstone’s paper see Chemical' News, vol. iii. p. 198 
(1861). 
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a screen ; and tlien explain to you the nature of the spectra which 
we see when we look at the spark through such a train of prisms 
as you have in the large spectroscope on the table (see Fig. 39). I 
cannot show you these lines on the screen with anything like 
the amount of accuracy or delicacy with which we can see them 
when we throw the image on the retina itself, for then we notice 




Fig. 3S. 



the true spectra. The lines then observed are excessively fine 
and extremely numerous, and each line possesses a fixed position, 
and does not interfere with the lines of any other metal. Still 
I can show you something very beautiful and interesting. I will 
endeavour by means of the electric lamp to throw the spectrum 
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of metallic copper on the screen. I take a small piece of 
metallic copper and volatilize it between the incandescent 
carbon poles, and then you will see the green bands indicative 
of the presence of this metal. Here you observe these magni- 
ficent green bands, which are characteristic of copper ; but when 
we examine the copper spark by throwing the image into the 
eye, we get a much more splendid effect, and see the way to a 
far more delicate method of detecting the presence of copper 
In the next place I will take another carbon pole, and bring a 
small piece of zinc into it, and we shall see that zinc also gives 




Fig. 39. 



its peculiar and beautiful lines perfectly characteristic of this 
special metal. If we examine this light by means of an accurate 
spectroscope, these broad bands are seen to consist of masses of 
bright lines, each one as fine as the most gauzy spider’s web. 

If I now take a mixture of zinc and copper, such as brass, we 
shall not only get the lines of the zinc, but we shall also see the 
bright copper lines. I have put a small piece of brass on the 
pole, and when I make the contact I shall volatilize this brass 
and the result is a spectrum showing both the copper lines and 
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the zinc lines. You will notice that what I have said with 
respect to the other metals, the alkaline earths, holds good with 
this, viz.: that the most volatile of the metals burns out first. Now 
we can still see the less volatile copper, but the zinc lines have 
died away. In the same way I may show you that cadmium 
gives us a peculiar set of lines. If we volatilize some metallic 
cadmium, we shall have a series of lines somewhat resembling 
those of zinc, but not identical with them. There you observe 
three bands : these ai'e the cadmium lines, something perfectly 
characteristic and distinct. 

Fox Talbot observed these metallic lines in June 1834, by 
deflagrating thin sheets of metal by a powerful electric current ; 
he says : “ Gold leaf and copper leaf each afforded a fine spec- 
trum exhibiting peculiar definite rays. The effect of zinc was 
still more interesting : I observed in this instance a strong red 
ray, three blue rays, besides several more of other colours.” 

I will next show you the spectrum of silver. Here you 
observe those splendid green lines, and the beautiful jmrple 
lines in the distance : the latter are only visible when you look 
at the most refrangible end for some time. Nothing, surely, can 
be more magnificent than these spectra ! These green lines are 
quite different in position and in character from the green copper 
lines. To exhibit that difference to you, I will put a bit of 
copper into this silver — -which is chemically pure — and I think 
you will be able to see that we get the green copper lines 
distinctly arranged alongside of the green lines of silver. Thus, 
then, by means of the electric lamp, many of these lines can be 
rendered visible, although to see others distinctly we must 
employ a delicate spectroscope, and throw the light directly into 
the eye of the observer. 

By the examination of the spark-spectrum, chemists are now 
able to distinguish with the greatest ease between the rarest 
metals. We are able to detect the difference between erbium 
and yttrium, and didymium and lanthanum — metals which 
resemble one another in their properties so closely that it is 
extremely difficult to separate them from each other by ordinary 
chemical means. These substances all give distinct lines, and 
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any one of these substances may be detected when mixed 
with the other : and we thus get a decisive answer as to their 
presence. 

In order to examine with accuracy the spectra of the heavy 
metals, an arrangement, represented in Fig, 40, is necessary. 
This consists of a powerful induction coil used in conjunction 
with a delicate spectroscope, such as that used by Kirchhoff (see 
page 103). The light from the spark falls on to the slit, and is 
refracted by passing through the prisms. 

For the purpose of intensifying the spark, the ends of the 
secondary coil are placed in contact with the coatings of a large 
Leyden jar. The electrodes, also of course connected with the 




poles of the secondary coil, consist of the metals under examina- 
tion, either in the form of wire, or of irregular pieces held by 
forceps on a movable stand. Many precautions must be taken, 
especially with two sets of electrodes, as it has been found that 
currents caused by the rapid passage of air between the poles 
are sufficient to carry over to a second set of electrodes, placed 
at a distance of a few inches, a very perceptible quantity of the 
materials undergoing volatilization. 

We are indebted to the labours of Professors Kirchhoff 
Angstrom, and Thalen, Lecoq de Boisbaudran, and Dr. Huggins, 
for the most accurate sets of maps of the metallic lines which 
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we possess. The positions of the metallic lines have been 
arranged by Kirchhoff with reference to the dark solar lines, 
whilst Huggins has used the bright air lines as a constant 
scale upon which to note the positions of the metal lines ; but 
both experimenters use an arbitrary scale of divisions by which 
the lines are designated. Owing to the very large number of 
the lines of each of the metals, very great care is needed in the 
discrimination of these spectra ; still, when the eye has been 
trained, the detection of the individual metal is perfectly 
certain. The spectra of the following elements were mapped 
by Kirchhoff : — 



1. Sodium. 


9. Strontium. 


17. Antimony. 


25. 


Aluminium. 


2. Calcium. 


10. Cadmium. 


18. Arsenic. 


26. 


Lead. 


3. Barium. 


11. Nickel. 


19. Cerium. 


27. 


Silver. 


4. Magnesium. 


12. Cobalt. 


20. Lanthanum. 


28. 


Gold. 


5. Iron. 


13. Potassium. 


21. Didymium. 


29. 


Ruthenium. 


6. Copper. 


14. Rubidium. 


22. Mercury. 


30. 


Iridium. 


7. Zinc. 


15. Lithium. 


23. Silicon. 


31. 


Platinum. 


8. Chromium. 


16. Tin. 


24. Glucinium 


32. 


Palladium. 


The spectra 


of the following metals have 


been drawn by 


Huggins : — 










1. Sodium. 


7. Thallium. 


13. Antimony. 


19. 


Lead. 


2. Potassium. 


8. Silver. 


14. Gold. 


20. 


Zinc. 


3. Calcium. 


9. Tellurium. 


15. Bismuth. 


21. 


Chromium. 


4. Barium. 


10. Tin. 


16. Mercury. 


22. 


Osmium. 


5. Strontium. 


11. Iron. 


17. Cobalt. 


23. 


Palladium. 


6. Manganese. 


12. Cadmium. 


18. Arsenic. 


24. 


Platinum. 



A very interesting fact is noticed by all the observers, namely 
that several of the bright lines of different metals seem to 
coincide. When, however, these cases of apparent coincidence 
are narrowly observed, most of the lines are found to show real 
though slight differences of refrangibility. 

ThaKn has also published 1 an interesting memoir upon the 
determination of the wave-lengths of the lines of the metal 
spectra. In Kirchhoff s and Huggins’ maps the bright metal 
lines are arranged according to an arbitrary scale, but it is 
of great interest to know the absolute position of each line, 
1 Annales de Chemie et de Physique, Oct. 1869, ser. [4], vol. xviii. p. 202. 



